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The  results  obtained  during  the  initial  phase  of  this  study  indicate  that 
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those  of  a thermoelastic  nature)  can  offer  a significant  means  for  ab- 
sorbing acoustical  energy.  In  particular  the  complete  set  of  resistivity, 
modulus,  heat  capacity  and  damping  measurements  performed  on  the  55  w/o 
N'i-45  w/o  Ti  alloy  shows  that  over  a useful  temperature  range  between 
12  C and  32°C  high  yield  strength  and  high  damping  can  be  combined. 
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Moreover,  present  results  indicate  that  plastic  deformation  can  be  employed 
to  expand  the  temperature  range  over  which  the  attractive  properties  can  be 
combined  and  to  increase  the  strength  levels. 

Although  the  above  mentioned  desirable  characteristics  appear  attainable, 
the  mechanistic  origin  of  the  damping  remains  a mystery.  The  present  re- 
sults show  that  damping  increases  above  the  Ms  temperature.  Although  twin 
formation  readily  occurs  below  Ms,  no  discernable  structural  changes  occur 
above  Ms.  Hence  the  only  postulated  source  for  enhanced  damping  at  temper- 
atures above  Ms  is  some  precursor  mechanism  like  soft  mode  formation.  Ex- 
ternally applied  tensile  stresses  characteristic  cF  those  employed  in  the 
damping  measurements  (up  to  5500  psi)  were  found  to  have  a negligible 
effect  on  Ms. 

Preliminary  studies  of  iron-platinum,  copper-aluminum-nickel,  cobalt-nickel 
and  cobalt-iron  alloys  suggest  that  other  examples  of  high  strength-high 
damping  materials  based  on  structural  transformations  may  be  developed. 

In  particular,  a range  of  cobalt-iron  alloys  has  been  identified  which  ex- 
hibits loss  factors  that  are  five  to  fifty  times  higher  than  commercially 
available  materials.  Although  the  strength  of  this  alloy  is  currently  low, 
mechanisms  exist  for  increasing  the  strength.  These  methods  are  currently 
under  investigation. 
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Machinery  contains  parts  that  are  subjected  to  periodic 
stresses  resulting  in  acoustic  waves  which  are  set  in  motion  in  the 
solid  components.  When  these  waves  reach  a free  surface  in  contact 
with  the  air,  noise  is  produced.  Since  the  energy  in  the  acoustic 
waves  is  generally  a small  fraction  of  the  total  ene  -gy  output  of  a 
machine,  conversion  of  this  energy  to  heat  becomes  an  effective 
method  of  noise  reduction  with  only  an  insignificant  accompanying 
temperature  rise.  Damping  materials  with  good  structural  properties 
are  required  to  fulfill  this  function. 

A number  of  damping  materials  like  TiNi  , Mn-Cu,  Cu-Al-Ni, 
Co-Ni  and  I:e-Co  alloys  have  been  identified  but  the  fundamental 
atomic  processes  causing  the  damping  have  not  been  clearly  defined. 
Anharmonicity  must  be  present  to  convert  the  acoustic  waves  into 
heat  and  atomic  models  employed  to  explain  damping  include  twin 
boundary  movement,  stacking  fault  movement,  phase  boundary  movement 
and  magnetost rict i ve  effects.  The  discovery  of  new  damping  alloys 
has  been  rather  accidental  and  the  ability  to  tailor  an  alloy  to  a 
specific  engineering  requirement  demands  considerable  research  into 
the  understanding  of  the  atomic  mechanisms. 

The  present  study  is  aimed  at  rectifying  this  situation 
by  providing  insight  into  possible  mechanisms  of  acoustic  absorption. 
The  ultimate  goal  of  the  study  is  identification  of  alloys  which  can 
reduce  vibration  and  noise  associated  with  the  operation  of  devices 
containing  rapidly  moving  components.  Ir  some  cases,  notably  heli- 
copter and  submarine  propulsion  systems,  such  reductions  could  re- 
sult in  a marked  improvement  of  performance,  lifetime  and  operating 
characteristics.  Development  of  structural  materials  with  high 
damping  or  noise  absorption  capacities  offers  a convenient  method 
for  attaining  this  objective.  The  present  report  summarizes  the 
progress  made  during  the  past  six-month  period  of  an  investiga- 
tion of  methods  for  achieving  high  internal  damping  in  potential 
structural  materials.  This  study  has  been  conducted  by  ManLabs , Inc 


Mth  the  cooperation  of  groups  at  the  Metallurgy  Department  of 
M.I.I.,  the  Physics  of  Solids  Croup  at  Army  Materials  and  Mechanics 
dcseaich  Center,  uid  at  holt,  Bcranek  and  Newman  Inc.  The  initial 
objective  ol  the  program  is  to  identify  the  basic  mechanisms  for 
achieving  high  internal  damping  and  thereby  identify  potential  ma 
tcrials  approaches  in  noise  and  vibration  reduction  technology. 

I he  results  presented  in  the  current  report,  obtained  in 
studies  of  Ni-Ti,  Cn-Al-Ni  and  le-Pt  alloys,  illustrate  how  phase 
transformations  can  be  employed  to  achieve  high  vibrational  damp 
ing.  In  addition  preliminary  experiments  on  nickel  and  a cobalt 
nickel  alloy  show  that  magnetostr i ct i ve  effects  can  be  employed  to 
pi o d uc c enhanced  acoustical  absorption.  Moreover,  the  initial  re- 
sults obtained  with  cobalt- iron  alloys  have  produced  very  high 
damping  behavior. 

Comparison  of  the  damping  capacity  for  . o s s factor)  and 
yield  strength  of  cold  worked  Ni-Ti  and  Co- be  alloys  with  commer- 
cially available  alloys  shows  that  opportunities  exist  for  achiev- 
ing higher  damping  capacity/strength  characteristics  than  are 
presently  available.  In  particular  alloys  in  the  composition 
r ,1  n g c near  80  w / o c o b a 1 1 - Z 0 w/ o iron  have  been  found  to  exhibit 
loss  factors  that  arc  five  to  fifty  times  higher  than  commercially 
available  materials.  Although  the  strength  of  these  alloys  in  the 
high  damping  conditions  is  low,  mechanisms  exist  for  increasing 
the  strength.  fhesc  mechanisms  are  currently  under  investigation. 


1 1 . MEASUREMENT  OF  TRANSFORMATION  BEHAVIOR  ANu  STRENGTH  OF  A 
55Ni-45Ti  ALLOY 

A substantial  portion  of  the  activities  during  this  re- 
porting period  have  been  directed  toward  establishing  whether  the 
damping  phenomenon  observed  in  NiTi  is  directly  related  to  the  on- 
set of  transformation  or  if  it  occurs  in  a temperature  range 
above  Ms  where  atomic  shuffles  are  thought  to  take  place.  In  or- 
der to  test  the  latter  hypothesis  it  was  decided  to  perform  simul- 
taneous measurements  of  the  electrical  resistance  and  acoustic 
emission  of  NiTi  samples  as  a function  of  temperature.  The  mea- 
surements were  conducted  on  the  standard  "reed"  samples  which  BBN 
requires  for  measurements  of  damping  capacity  as  a function  of 
temperature.  The  resistivity  of  a typical  NiTi  55  a/o  alloy  is 
shown  in  Figure  1 as  a function  of  temperature  cycling  through  the 
transition  range.  Simultaneous  meta 1 1 ographic  and  resistance  mea- 
surements do  not  disclose  actual  formation  of  the  daughter  or  mar- 
tensite phase  in  the  region  where  the  resistance  increases.  This 
is  where  the  "atomic  shuffles"  are  supposed  to  take  place.  In  or- 
der to  determine  if  these  "soft  mode  displacements"  lead  to  en- 
hanced damping,  specimens  were  temperature  cycled  many  times  to 
obtain  a well  defined  resistivity  peak.  The  peak  in  the  cooling 
curve  represents  the  Ms  temperature  as  defined  by  the  temperature 
at  which  the  first  observable  surface  relief  forms  on  cooling  (1-3).* 

The  present  results  obtained  by  BBN  indicate  that  the  in- 
crease in  damping  capacity  begins  in  the  temperature  regime  above 
Ms  corresponding  to  the  region  of  increasing  electrical  resistivity 
during  cooling  of  the  NiTi  alloy. 

In  order  to  perform  the  above  noted  experiments,  a preci- 
sion electrical  resistivity  apparatus  was  constructed  using  the 
double  Kelvin  Bridge  principle.  This  apparatus  uses  an  L$N  type 
K 3 potentiometer,  a standard  cell,  constant  voltage  supply,  a 


Underscored  numbers  in  parentheses  denote  references. 
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Temperature  °C 

Figure  1.  ilcctrical  Resistivity  versus  Temperature  for  a 55  w/o  \iii  \Ilov  is  a Function 
of  Number  of  Temperature  Cycles. 


regulated  power  supply,  a I.f,N  resistance  standard  and  a L5N  I).C. 
null  detector.  The  precision  of  measurement  obtained  is  of  the 
order  of  1 x 10' 6 ohm-cm. 

An  acoustic  apparatus  was  designed  and  constructed  to 
yield  information  as  to  the  types  of  martensitic  transformations 
occuring,  i.e.  burst  phenomena,  thermoelastic,  etc.  This  equip- 
ment uses  a wire  hook-up  from  a crystal  transducer  to  the  specimen. 
Standard  amplifier  and  loud  speaker  are  connected  to  the  transdu- 
cer. In  addition,  an  Ksterline  Angus  high  speed  recorder  was  con- 
nected so  that  a permanent  record  could  be  made  of  the  acoustic 
emissions  from  the  specimen  during  temperature  cycling  through  the 
temperature  range  of  interest.  No  acoustic  emissions  have  been  ob- 
served to  date  in  experiments  performed  on  NiTi  samples  as  cycled 
through  the  "soft-mode"  and  the  martensitic  transformation  tempera- 
ture ranges.  In  contrast,  much  acoustic  activity  was  detected  dur- 
ing transformation  in  experiments  using  70  Fe-30  Ni  alloys  in  which 
"burst-type"  martensitic  transformation  is  known  to  occur  (4).  The 
above  experiments  indicate  that  the  mechanism  of  martensitic  trans- 
formation in  the  highly  damping  NiTi  alloys  is  of  the  thermo-elas- 
tic mode. 

In  order  to  establish  a stable  transformation  behavior 
as  a baseline  treatment  for  samples  to  be  treated  prior  to  various 
measurements,  multiple  temperature  cycles  between  -65°C  and  + 90°C 
were  employed.  The  cycling  treatment  consisted  of  immersion  in  a 
Dow  Corning  200-10CS/Dry  Ice  mixture  held  at  -65°C  and  a second 
Dow  Corning  200-10CS  bath  at  90°C.  A ten-minute  cycle  is  employed 
in  this  treatment.  Figure  2 shows  the  resistance-temperature 
curve  obtained  after  seventy -six  cycles.  Since  these  characteris- 
tics are  well  defined,  a treatment  of  50-70  cycles  was  selected  as 
the  basis  for  preparation  of  specimens  to  be  evaluated  by  calorim- 
etry, damping  and  Young's  modulus  measurements  over  the  -65°C  to 
?0°C  temperature  range. 

A second  series  of  experiments  designed  to  evaluate  the 
effects  of  cold  work  on  the  transformation  characteristics  was 
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carried  out.  These  studies  were  conducted  by  heat  treating  strips 
ot  5 5 w/o  NiTi  (4866)  by  annealing  at  790  0 C for  thirty  minutes, 
quenching  in  water  and  cycling  between  -65°C  and  + 90°C  fifty  times, 
following  this  treatment  the  electrical  resistance  of  the  190  mil 
x 7 9 mil  x 5.5  inch  strip  was  measured  as  a function  of  tempera- 
ture. Figure  3 shows  the  results  of  this  test.  Subsequently,  the 
strip  was  deformed  by  rolling  at  room  temperature.  This  treatment 
was  followed  by  a second  set  of  fifty  temperature  cycles  between 
-65°(  and  +90°C.  Finally  the  res i stance- temperature  characteris- 
tics were  measured  again.  Three  levels  of  deformation  were  em- 
ployed in  this  series  of  tests.  These  corresponded  to  3.2$,  7$ 
and  15.2$.  The  resultant  measurements  (obtained  on  three  differ- 
ent bars)  are  shown  in  Figures  4-6.  These  curves  show  that  defor- 
mation in  the  0 - „ range  broadens  the  temperature  range  of  the 
transformation  while  15$  deformation  seems  to  obscure  the  change 
of  resistance  with  transformation  or  eliminate  the  transformation 
entirely.  Ihcsc  test  bars  were  examined  by  determining  their  damp- 
ing characteristics  so  that  the  effect  of  deformation  on  damping 
could  be  evaluated.  The  results  have  been  combined  to  determine 
the  optimum  treatment  which  can  be  employed  to  achieve  attractive 
damping  and  strength  characteristics. 

Due  to  the  difficulty  in  machining  NiTi  specimens,  it 
was  decided  to  determine  the  possible  usefulness  of  a flat-type 
specimen  as  compared  with  the  standard  reed-type  specimens  em- 
ployed for  damping  capacity  measurements  in  the  BBN  Resonant  Dwell 
Apparatus.  Specimens  of  each  type  were  fabricated  and  were  temper- 
ature cycled  (up  to  seventy-six  cycles)  to  yield  stable  tempera- 
ture resistivity  curves  prior  to  measurement  of  damping  capacity 
as  a function  of  temperature  by  BBN.  The  results  of  the  damping 
studies  on  the  flat-type  specimens  did  not  compare  favorably  with 
the  standard  reed-typo  samples.  As  a consequence,  the  latter  con- 
figuration will  be  employed  exclusively. 

Since  the  present  study  is  designed  to  investigate  the 
mechanism  of  damping  in  NiTi  and  the  current  results  (presented  in 
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Figure  3.  Electrical  Resistivity  versus  Temperature  for  a 55  w/o  NiTi  Alloy  as  a 
Function  of  Temperature  after  50  cycles  between  -65°C  and  +90°C. 
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Figure  4.  Electrical  Resistivity  versus  Temperature  for  a 55  w/o  NiTi  Alloy  as 
Function  of  Temperature  after  3.21  deformation  by  rolling  followed  by 
50  cycles  between  -65°C  and  +90°C. 
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Sections  III  and  IV)  describe  the  behavior  at  stress  levels  up  to 
5000  psi,  it  is  essential  to  determine  if  such  stresses  have  an 
appreciable  influence  on  M^.  Accordingly,  the  transformation  char- 
acteristics of  the  55  w/o  N'iTi  alley  (i.e.  55  w/o  Ni-45  w/o  Ti) 
w_re  redetermined  at  tensile  stresses  of  1275  and  5484  respectively. 
Figures  7 through  9 show  the  results  of  runs  numbered  124,  130  and 
131.  Identical  samples  of  the  55  w/o  Ni-45  w/o  Ti  alloy  were  an- 
nealed and  run  through  fifty  temperature  cycles  between  -65°C  and 
♦90°C.  I igure  7 shows  tie  resistivity- temperature  curve  obtained 
on  a sample  wit*»  no  applied  tensile  load.  The  resistivity  peak 
occurs  at  about  +20°C,  in  good  general  agreement  with  the  results 
obtained  for  samples  of  thi«  alloy  which  were  run  earlier  as  shown 
in  Figures  2 and  3.  Figures  8 and  9 show  the  res ist i vi  ty - tempe ra- 
ture  curves  obtained  on  the  companion  samples  while  tensile  loads 
corresponding  to  stress  levels  of  1275  and  5484  psi  respectively 
were  applied.  No  appreciable  shift  in  Ms  was  observed. 

A series  of  experiments  were  carried  out  to  evaluate  the 
strength  levels  attainable  in  the  55  w/o  NiTi  alloy  in  the  temper- 
ature range  where  high  damping  levels  could  be  achieved.  As  a 
first  step,  annealed  samples  were  exposed  to  fifty  temperature  cy- 
cles between  -65°C  and  +90°C  and  then  tested  at  ^-83°C,  +20°C,  0°C 
and  -74  C in  tension.  Figures  10-13  snow  the  stress- strain  curves 
obtained  from  these  tests.  The  0.2  percent  offset  strain  yield 
strength  is  indicated  in  each  case.  This  heat  of  the  55  w/o  Ni- 
45  w/o  Ti  alloy  (4866)  exhibits  an  Ms  at  +17°C  after  multiple  cycl- 
ing as  can  be  seen  in  Figures  2,  3,  7,  8 and  9.  Thus  the  +83°C 
and  2 0 °C  tensile  tests  correspond  to  temperatures  above  Ms  while 
the  0°C  and  -74°C  tests  correspond  to  temperatures  below  Ms . The 
latter  give  low  yield  strengths  near  20,000  psi.  However,  the 
20°C  yield  strengths  in  the  47000-55000  psi  range  are  attained. 

The  stress-strain  curves  shown  in  Figures  10-13  were  obtained  on 
samples  which  were  cycled  fifty  times  between  -65°C  and  +90°C.  In 
each  case,  the  final  step  was  heating  from  -65°C  to  room  tempera- 
ture before  tensile  testing.  Figures  14  and  15  show  the  results 
obtained  when  the  final  cycle  consists  of  cooling  from  100°C  to 
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Specimen  48bfc-4 
Two  Inch  Cause  Length 
liauRC  Thickness:  i).0(>4  inch 

Gauge  Width:  n 170  inch 

Test  Temperature  ■ ♦ SVC 
Ms  - ♦! 7#C 


0.2  PERCENT  OFFSET 

YIELD  STRENGTH 
55000  PSI 


0.2  PERCENT  OFFSET 
STRAIN 


STRAIN  (PERCENT) 

Stress-strain  curve  for  55  w/o  Ni-45  w/o  Ti  Alloy 
at  +83°C  after  50  temperature  cycles  between  -65°C 
and  +90°C.  The  final  step  was  heating  from  -65°C 
to  25°C . 


Specimen  4R66-1 
Two  Inch  Gauge  Length 
Gauge  Thickness:  0.064  inch 

Gauge  Width:  0.170  inch 

Test  Temperature  = +20°C 
Ms  = ♦ 1 7 ° C 


0.2  PLUG  I!  NT  Or  TS1-T 
YTIil.l)  STRIiNGTII 
46000  PS  I 


0.2  PiiRCiiNT  OITSLT 
STRAIN 
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Stress- strain  curve  for  55  w/o  Ni-45  w/o  TI  Alloy 
at  +20°C  after  50  temperature  cycles  between  -65°C 
and  +90°G.  The  final  step  was  heating  from  -65°C 
to  25 °C . 


STRAIN  (IMIRCI'NT) 


I i sure  12.  Stress-strain  curve  for  55  w/o  N’i-45  w/o  Ti  Alloy 
at  0°C  after  50  temperature  cycles  between  -65°C 
and  +9()°C.  The  final  step  was  heating  from  -65°C 
to  2 5 °C . 
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STRAIN  ( RRRCHNT) 

Figure  13.  Stress -strai n curve  for  55  w/o  Ni-45  w/o  Ti  Alloy 
at  - 7 4 ° ('  after  50  temperature  cycles  between  -65°C 

and  ♦90°C.  The  final  step  was  heating  from  -65°C 
to  25°C.  _1Q 
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Figure  14.  Stress-Strain  Curve  for  55  w/o  Ni-45  w/o  Ti  at  40°C 
after  Cycl ing . 
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figure  15.  Stress-Strain  Curve  for  55  w/o  Ni-45  w/o  Ti  at  20°C 
after  Cycl  iny . 
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room  temperature.  In  this  case,  lower  strength  levels  are  ob- 
tained. 

Figure  16  is  a composite  representation  of  the  damping, 
electrical  resistivity  and  0.2%  offset  yield  strength  data  as  a 
function  of  temperature.  Although  heats  4609  and  4866  are  both 
5 5 N i - 4 STi  the  Ms  temperatures  are  slightly  different  being  7°C  and 
1-  C respectively.  As  a consequence,  the  yield  strength  data 
(taken  on  heat  4866)  have  been  displaced  by  -10°C.  Nevertheless, 
the  composite  data  shown  in  Figure  16  shows  that  in  the  tempera- 
ture range  above  Ms , high  damping  values  near  5 x 10* 3 and  strengths 
in  the  vicinity  of  47000-55000  psi  can  be  obtained  simultaneously. 
Since  the  effect  of  plastic  deformation  is  to  broaden  the  transfor- 
mation range  (i.e.  see  Figures  4 and  5)  it  is  quite  likely  that 
the  temperature  range  where  high  strength  and  high  dampint)  factors 
can  be  obtained  simultaneously  Will  be  increased  by  deformation. 
Moreover,  the  strength  levels  will  undoubtedly  be  higher  than 
those  shown  in  Figure  16.  Measurements  of  the  damping  behavior 
and  yield  strength  of  plastically  deformed  samples  were  carried 
out  in  order  to  test  this  hypothesis. 

Figures  \1  through  26  show  the  results  which  were  ob- 
tained on  tensile  testing  the  55  w/o  Ni-45  w/o  Ti  alloy  after  cold 
working.  In  all  cases,  the  samples  were  cycled  and  tested  after 
heating  to  room  temperature.  The  results  for  the  samples  obtained 
by  3%  and  7%  cold  reduction  in  thickness,  which  are  displayed  in 
Figures  17-22,  show  a decrease  in  strength  as  compared  to  the  sam- 
ples which  were  not  cold  worked.  However,  the  samples  which  re- 
ceived a 15%  cold  reduction  in  thickness  were  considerably  stronger, 
exhibiting  0.2  percent  offset  yield  strengths  in  the  60000-70000 
psi  range  between  0°C  and  83°C. 

In  view  of  the  low  modulus  of  the  55  w/o  Ni-45  w/o  Ti 
alloy  disclosed  by  the  tensile  tests,  an  attempt  was  made  to  ob- 
serve anelastic  behavior  by  performing  "load-unload  tests"  which 
were  interrupted  to  observed  relaxation  or  "elastic  memory  behav- 
ior." Figure  27  shows  the  results  of  such  a test  where  a sample 
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0.2*  Offset  Yield  Strength  (psi)  Relative  llcctri'-al  logarithm  of  damping  factor 

Resi stance 


Specimen:  4866- 3%-l 

Two  Inch  Gauge  Length 
Gauge  Thickness:  0.C64  inch 

Gauge  Width:  0.169  inch 

Test  Temperature:  20°C 

Ms  = ♦] 7°C 


APPARENT 
r.  LAST  1C  LIMIT 
11700  PS1 


0.2  PERCENT  OFFSET 
YIELD  STRENGTH 
28700  PS1 


Sample  was  rolled  to  a 
3°  reduction  in  thickness 
and  cycled  80  times  between 
-90°C  and  ♦100°C.  The 
final  step  was  heating  from 
-90°C  to  25°C. 


STRAIN  (PERCENT) 

Stress-Strain  Curve  for  55  w/o  Ni-45  w/o  Ti  at 
after  Cold  Work  and  Cycling. 


TO 


STRESS  (KSI) 


Specimen:  4866-3V2 

Two  Inch  Gauge  Length 
Gauge  Thickness:  0.065  inch 

Gauge  Width:  0.169  inch 

Test  Temperature:  40°C 

Ms  = *17^ 


APPARENT 
ELASTIC  LIMIT 
12200  PS  I 


0.2  PERCENT  OFFSET 
YIELD  STRENGTH 
25JC0  PS  I 

Sample  was  rolled  to  a 
3*  reduction  in  thickness 
and  cycled  80  times  between 
-90*C  and  ♦100*C.  The  final 
step  was  heating  from  -90*C 
to  25*C. 


STRAIN  (PERCENT) 

Stress-Strain  Curve  for  55  w/o  N'i-45  w/o  Ti  at  40°C 
after  Cold  Work  and  Cycling. 


STRESS  (KSI) 


1 


Specimen:  4866-7%-3 

Two  Inch  Gauge  Length 
Gauge  Thickness:  0.065  inch 

Gauge  Width:  0.109  inch 

Test  Temperature:  0°C 


MS«*17#C 


APPARENT  ELASTIC 
LIMIT  10000  PSI 


0.2  PERCENT  OFFSET 
YIELD  STRENGTH 
31800  PSI 


Sample  was  rolled  to  a 
7?o  reduction  in  thickness 
and  cycled  80  times 
between  -90°C  and  ♦100#C. 
The  final  step  was  heating 
from  -90°C  to  25°C. 


STRAIN  (PERCENT) 

Stress-Strain  Curve  for  55  w/o  Ni-45  w/o  Ti  at  0°C 
after  Cold  Work  and  Cycling. 


STRfSS 


STRESS 


Specimen:  4866-7%-2 

Two  Inch  Gauge  Length 
Gauge  Thickness:  0.067  inch 

Gauge  Width:  0.169  inch 

Test  Temperature:  40°C 


Ms  = ♦17*C 


APPARENT 
ELASTIC  LIMIT 
12400  PSI 


0.2  PERCENT  OFFSET 
YIELD  STRENGTH 
30500  PSI 


Sample  was  rolled  to 
a 7\  reduction  in  thickness 
and  cycled  80  times  between 
-90*C  and  *100*0 . The 
final  step  was  heating  from 
-90*C  to  25*C. 


STRAIN  (PERCENT) 

Stress-Strain  Curve  for  55  w/o  Ni-45  w/o  Ti  at  40®C 
after  cold  work  and  cycling. 


STRESS  ( KSI ) 


Specimen:  4866-7%-4 

Two  Inch  Gauge  Length 
Gauge  Thickness:  0.064  inch 

Gauge  Width:  0.169  inch 

Test  Temperature:  83*C 


MS**17*C 


0.2  PERCENT  OFFSET 
YIELD  STRENGTH 
67000  PS  I 


APPARENT  ELASTIC 
LIMIT  32000  PSI 


Sample  was  rolled  to  a 
7%  reduction  in  thickness 
and  cycled  80  times 
between  -90°C  and  «-100°C. 
The  final  step  was 
heating  from  -90°C  to  25°C. 


STRAIN  (PERCENT) 

Stress-Strain  Curve  for  55  w/o  Ni-45  w/o  Ti  at  83°C 
after  Cold  Work  and  Cycling. 


STRESS  (KSI ) 


Specimen:  4866-15%-3 

Two  Inch  Gauge  Length 
Gauge  Thickness:  0.065  inch 

Gauge  Width:  0.170  inch 

Test  Temperature:  0*C 

MS**17*C 


APPARENT  ELASTIC 
LIMIT  30000  PSI 


0.2  PERCENT  OFFSET 
YIELD  STRENGTH 
68000  PSI 


Sample  was  rolled  to  at 
15%  reduction  in  area  and 
cycled  80  times  between 
-90°C  and  100°C.  The 
final  step  was  heating 
from  -90*C  to  25‘C. 


STRAIN  (PERCENT) 

Stress-Strain  Curve  for  55  w/o  Ni-45  w/o  Ti  at  0°C 
after  Cold  Work  and  Cycling. 
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STRESS  (KSI) 


Specimen:  4866-15\-| 

Two  Inch  Gauge  Length 
Gauge  Thickness:  0.06S  inch 

Gauge  Wid*h-  0.169  inch 
Test  Temperature  20#C 


Ms  - +\7'C 


APPARENT  I LAST I C 
LIMIT  26000  PS  I 


0.2  PERCENT  OFFSET 
YIF.LD  STRENGTH 
63100  PSI 


Sample  was  rolled  to 
a 1S\  reduction  in 
thickness  and  cycled 
80  times  between  -90*C 
and  100*C.  The  final 
step  was  heating  from 
-90*C  to  25*C . 


STRAIN  (PERCENT) 

Stress-Strain  Curve  for  55  w/o  N i 4 5 w/o  Ti  at  20 °c 
after  Cold  Work  and  Cycling. 
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I 


Specimen:  4866-15%-4 

Two  Inch  Gauge  Length 
Gauge  Thickness:  0.064  inch 

Gauge  Width:  0.169  inch 

Test  Temperature  83°C 
MS~17*C 


0.2  PERCENT  OFFSET 
YIELD  STRENGTH 
70000  PSI 


APPARENT  ELASTIC 
LIMIT  28000  PSI 


Sample  was  rolled  to  a 
15%  reduction  in  thickness 
and  cycled  80  times 
between  -90°C  and  ♦100°C. 
The  final  step  was  heating 
from  -90°C  to  25°C. 


jTRAIN  (PERCENT) 

Stress-Strain  Curve  for  a 55  w/o  Ni-45  w/o  Ti  at  83°C 
after  Cold  Work  and  Cycling. 


STRIiSS  (KSI) 


Specimen:  4866-3V3 

Two  Inch  Gauge  Length 
Gauge  Thickness:  0.064  inch 

Gauge  Width:  0.168  inch 

Test  Temperature:  20°C 

Ms  = +17°C 


Sample  was  rolled  to  a 
3%  reduction  in  thickness 
and  cycled  80  times 
between  -90°C  j. ' ♦100°C. 
The  f?nal  step  was 
heating  from  -90°C  to 
2S°C. 


Apparent  Youngs  Modulus 
on  first  cycle  #=6.6xl06PSI 


Apparent  Youngs  Modulus 
on  twelfth  Stress  Cycle 
/ E=7 . 8x1 06PSI 


[Note:  Several  Cycles 

were  omitted  from  the 
drawing  for  the  sake  of 
c lari ty.  ] 


STRAIN  (PERCENT) 

Stress-Strain  Curve  for  55  w/o  Ni-45  w/o  Ti  at  20°C  after 
Co  id  Work  and  Cycling. 


of  the  material  which  had  received  a 3$  cold  reduction  was  mechan- 
ically cycled.  The  observed  stress- strain  curve  follows  the  enve- 
lope shown  in  Figure  17  where  no  load  cycling  was  applied.  The 
results  indicate  an  increase  in  elastic  modulus  on  loading  with 
increasing  number  of  stress  cycles.  Thus  the  modulus  increases  by 
20®  in  the  twelfth  cycle  as  compared  to  the  initial  cycle.  There 
is  an  appreciable  increase  in  mechanical  hysteresis  with  increas- 
ing plastic  strain.  Upon  unloading  to  a low  stress  level  and 
holding  for  thirty  minutes  the  amount  of  anelastic  strain  recovery 
was  approximately  0.02$. 

The  foregoing  data  on  yield  strength  and  electrical  re- 
sistance are  combined  with  data  on  damping  capacity  (reported  in 
Section  III)  for  the  55  w/o  Ni-45  w/o  Ti  alloy  with  3%,  7$  and 
15$  cold  reduction.  The  results,  shown  in  Figures  28-30, are  coun- 
terparts to  the  overall  comparison  displayed  in  Figure  16.  These 
results  indicate  that  the  best  combination  of  properties  can  be 
achieved  by  a 15$  cold  reduction  which  generates  yield  strengths 
in  the  60000-70000  psi  range  over  the  0°C-80°C  temperature  range 
in  combination  with  loss  factors  of  Q" 1 equal  to  100  x 10'4  at 
25°C  and  at  temperatures  down  to  -60°C.  At  60°C  the  loss  factor 
drops  to  30  x 10' 4 . 


Offset  Yield  Strength  (KSI)  Electrical  Resistance  Logarithm  of  Damping 

Ratio  Capacity  (log  Q-1) 


Factor) 


Offset  Yield  Strength 


0.0316 


0.0100 


0.0032 


0.0010 


0.0003 


All  properties  were 
measured  aft^r  eighty 
cycles  between  -90°C 
and  ♦10()°C.  The  final 
step  was  heating  from 
-90°C  to  25°C . 


MS=178C 


TEMPERATURE  °C 

Figure  29.  Damping  Capacity,  Electrical  Resistance  and  0.2%  Offset 
Yield  Strength  for  55  w/o  Ni-45  w/o  Ti  versus  Tempera- 
ture after  7%  Cold  Reduction  and  Cycling  Treatment. 
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Damping  Capacity 
or  Loss  Factor)  Q" 


Offset  Yield  Strength 


0.0316 


0.0100 


All  properties  were 
measured  after  eighty 
cycles  between  -90°C 
and  ♦100°C.  The  final 
step  was  heating  from 
-90°C  to  25°C . 


MS=17°C 


TEMPERATURE  °C 

figure  30.  Damping  Capacity,  Electrical  Resistance  and  0 2%  Offset 
Yield  Strength  for  55  w/o  Ni-45  w/o  Ti  versus  Temrera- 
ture  after  151,  Cold  Reduction  and  Cycling  Treatment. 


Factor) 


III.  MEASUREMENT  OF  TUI:  DAMPING  CAPACITY  AND  DYNAMIC  hLASTIC 
MODULUS  OP  Ni  - Ti  AND  Cu-Al-Ni  ALLOYS 

Development  of  potential  structural  materials  which  are 
capable  of  high  internal  damping  requires  the  simultaneous  evalua- 
tion of  the  strength  and  acoustic  absorption.  In  particular,  the 
present  study  is  directed  toward  development  of  materials  with 
high  damping  capacity  in  the  audible  range.  Thus,  frequencies  in 
the  150  to  200  cycle/sec  (i.e.  Hertz)  range  are  of  greatest  inter- 
est. In  this  frequency  range,  loss  factors  (Q'1)  of  one  percent 
or  more  are  considered  to  be  quite  high.  Since  the  loss  factor  is 
a function  of  frequency  it  is  important  to  specify  the  frequency 
range  at  which  the  loss  factor  is  measured.  Section  V of  the  pre- 
sent report  describes  the  "resonant  dwell"  method  currently  being 
employed  to  measure  the  loss  factor.  A substantial  literature  on 
damping  behavior  and  internal  friction  of  metals  and  alloys  exists 
However,  a large  part  of  this  literature  is  related  to  torsional 
pendulum  measurements  which  are  conducted  at  very  low  frequencies 
(i.e.  Hertz).  Although  high  damping  materials  will  show  good  loss 
factors  over  the  entire  range  of  frequencies,  the  loss  factors  mea- 
sured at  1 cycle/sec  are  generally  much  higher  than  those  measured 
at  200  cycles/sec. 

Torsional  pendulum  studies  conducted  on  Cu-14  w/o  Al-3 
w/o  Ni  alloys  and  indium-thallium  alloys  in  the  vicinity  of  low 
energy  martensitic  transformation  temperatures  indicate  tha,  high 
damping  factors  can  be  attained.  The  Cu-Al-Ni  alloys  can  develop 
loss  factors  up  to  1500  x 10‘4  at  20°C  when  properly  heat  treated 
(5,6).  Similarly  In-Tl  alloys  transforming  in  the  vicinity  of 
room  temperature  exhibit  loss  factors  near  3000  x 10'4  ('’,8).  Al- 
though In-Tl  cannot  be  considered  to  be  a structural  material  the 
t.u-14  w/o  Al-3  w/o  Ni  alloy  might  prove  to  be  a suitable  candidate. 

The  above  mentioned  results  for  Cu-14  w/o  Al-3  w/o  Ni 
and  In-Tl  have  been  reinforced  by  the  finding  that  Fe3Pt  can  be 
heat  treated  to  produce  a low  energy  thermoelastic  martensitic 


transformation  which  exhibits  substantially  higher  damping  than 
the  disordered  form. 

High  damping  ferromagnetic  alloys  based  on  combinations 
of  iron,  nickel,  cobalt  and  chromium  in  binary  and  ternary  combin- 
ations have  been  known  for  some  time  (9).  These  alloys  were  de- 
veloped specifically  for  high  temperature  steam  turbine  applica- 
tions and  are  thought  to  develop  their  damping  capacity  from  the 
interaction  of  magnetic  domains  (9).  Interestingly  enough,  the 
binary  alloys  which  exhibit  the  greatest  damping  capacity  are 
Co-35  Ni  and  Co-20  Fe.  These  alloys  lie  extremely  close  to  compo- 
sitions where  the  free  energy  differences  between  the  high  temper- 
ature and  low  temperature  phases  vanish  (1_0) . in  the  first  case 
of  the  Co-35  Ni  alloy  which  exhibits  a loss  factor  of  1800  x 10'4 
at  a stress  level  near  1500  psi  in  a torsional  pendulum  experiment 
(at  25°C),  the  phase  transformation  in  question  is  a fee  (high  tem- 
perature phase) /hep  (low  temperature  phase)  transition  with  a very 
small  enthalpy  difference  of  the  order  of  50  cal/g.at.  (10).  Thus 
the  transformation  may  provide  an  important  component  of  the  damp- 
ing capacity.  Moreover  it  may  be  possible  to  improve  the  damping 
behavior  by  proper  heat  treatment. 

The  second  most  effective  alloy  is  Co-20  Fe  (9)  which  ex- 
hibits a loss  factor  of  llOOxlO'4  at  1500  psi.  This  composition  is 
near  the  TQ-concentrat ion  curve  at  room  temperature  for  the  fcc/bcc 
reaction  (^0).  Thus,  this  alloy  may  also  be  susceptible  to  im- 
provement by  heat  treatment.  The  third  best  alloy  uncovered  by 
Cochardt  was  Co-28  Fe-7  Ni.  This  alloy  showed  a loss  factor  of 
800  x 10-4  at  8000  psi.  Curiously  the  alloy  lies  along  the  locus 
of  AF ( fcc/bcc) =0  for  the  Co-Fe-Ni  system  at  room  temperature  (10). 

In  order  to  evaluate  the  Cu-14Al-3Ni  alloy  and  the  cobalt 
base  alloys  cited  above  as  potential  damping  materials  samples  of 
these  materials  have  been  melted,  cast  and  machined  into  the  stan- 
dard reed  configuration.  In  addition  to  the  Cu-14Al-3Ni  composi- 
tion, 77  w/o  Co-23  w/o  Ni,  70Co-30Ni,  68Co-32Ni,  78Co-22Fe,  80Co- 
20Fe,  82Co- 1 8Fe , 90Co-10Fe,  65Co- 28Fe - 7Ni  and  70Fe-20Co- lOCr  al- 
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loys  have  been  prepared  and  characterized.  The  present  section 
deals  with  results  of  measurements  conducted  on  the  Cu-Al-Ni  and 
Ni-Ti  alloys  while  Section  IV  deals  with  the  cobalt  base  materials. 

As  indicated  above,  torsional  pendulum  studies  of  Cu^Al 
(5,6)  in  the  frequency  range  near  1 cycle/sec  have  yielded  loss 
factors  as  high  as  1500  x 10-“.  These  loss  factors  can  be  altered 
by  appropriate  temperature  cycling.  They  also  seem  to  exhibit 
peaks  as  a function  of  temperature  as  shown  schematically  in  Fig- 
ure 31.  In  these  cases  it  is  not  clear  whether  the  peak  is  di- 
rectly associated  with  Ms . However,  the  present  study  should 
clear  up  this  matter.  It  should  be  pointed  out  that  the  figure 
shows  Q‘ 1 versus  T as  determined  in  a torsional  pendulum  at  low 
frequency  and  stress  levels. 

Preliminary  experiments  indicated  that  the  acoustical 
absorption  of  Fe^Pt  is  increased  greatly  by  ordering  the  parent 
phase  before  transformation.  All  the  other  known  high-damping- 
capacity  martensitic  alloys  arc  also  ordered.  Thus  we  are  study- 
ing ordering  in  Fe^Pt,  the  effect  this  has  on  the  kinetics  of  the 
nucleation  and  growth  of  martensitic  plates  and  on  the  physical 
properties  of  the  two-phase  product,  and  the  ways  in  which  these 
order- induced  changes  in  structure  and  physical  properties  affect 
acoustical  absorption.  It  is  known  from  earlier  work  that  stoi- 
chiometric Fe  Pt  undergoes  a paramagnetic-ferromagnetic  transition 
in  the  austenitic  state,  the  Curie  temperature  increasing  with  the 
degree  of  order  (1_1) . This  alloy  exhibits  a large  Invar  dilation 
on  passing  through  the  Curie  temperature.  It  also  has  a sharp  in- 
ternal friction  peak  in  the  vicinity  of  the  Curie  temperature  and 
the  martensite  formed  from  ferromagnetic  austenite  is  thermoelas- 
tic (1_2) . It  is  possible,  of  course,  that  all  these  changes  in 
physical  properties  induced  changing  the  order  in  the  y-phase 
are  interrelated,  but  details  of  the  interactions  are  not  known. 

In  particular,  although  it  is  conceivable  that  in  order  to  achieve 
high  damping  the  martensite  must  be  capable  of  reversible  thermo- 
elastic growth,  this  has  not  been  demonstrated  experimentally  and 
the  structural  factors  promoting  thermoelastic  growth  are  not  under- 
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stood  sufficiently  to  provide  a basis  for  the  design  of  high  damp- 
ing-capacity alloys. 

The  initial  evaluation  of  Fe^Pt  carried  out  under  the 
present  contract  was  designed  to  examine  the  ordering  process  in 
Fe^Pt  by  X-ray  diffraction  and  transmission  electron  microscopy  to 
determine  the  influence  of  the  degree  of  order  of  the  yphase  on 
the  martensitic  transformation  by  measuring  the  enthalpy  of  trans- 
formation in  a differential  calorimeter  and  calculating  the  free 
energy  driving  the  process,  and  to  determine  the  influence  of  the 
degree  of  order  on  the  damping  properties  and  on  the  mechanical 
strength  of  the  alloy. 

The  first  experiments  have  been  done  on  an  iron-25.2  a/o 
platinum  alloy.  In  order  to  achieve  a ''ompletely  disordered  struc- 
ture, various  quenching  procedures  were  tried,  but  in  all  instan- 
ces a certain  degree  of  order  remained  in  the  specimens.  It  seems 
that  the  ordering  reaction  is  very  fast  and  cannot  be  suppressed 
by  applied  quenching  rates. 

The  ordering  process  of  this  alloy  is  complex.  After 
short  annealing  times,  besides  the  superlattice  lines  of  the  or- 
dered FcjPt  phase,  some  other  diffraction  lines  appear.  They  at 
first  become  stronger  with  increasing  annealing  time,  but  eventu- 
ally disappear,  leaving  only  the  lines  of  the  ordered  Fe^Pt  phase. 
It  was  possible  to  index  the  new  lines  as  belonging  to  a tetragonal 
face-centered  cubic  lattice,  corresponding  to  the  FePt  structure. 

A series  of  samples  ordered  various  times  at  625°C  were 
examined  in  a scanning  differential  calorimeter  in  order  to  evalu- 
ate the  enthalpy  of  martensitic  transformation.  It  was  also  pos- 
sible to  determine  the  Ms  temperature  by  the  same  method.  The  re- 
sults show  that  the  Ms  temperature  decreases  with  ordering  time, 
dropping  to  about  100°K  after  four  hours  at  625°C.  Since  this  was 
the  lower  limit  of  the  calorimeter,  the  samples  with  higher  de- 
grees of  order  could  not  be  measured. 

Detailed  X-ray  and  metal lographic  work  has  shown  that  on 
quenching  from  above  900°C  an  ordered  tetragonal  phase  based  on 


FePt  is  nucleated  at  austenitic  grain  boundaries, 
annealing  at  625°C,  this  phase  grows  simultaneously 
ing  of  the  Fe^Pt  cubic  phase  within  the  grains.  At 


On  .*  ubsequent 
with  the  order- 
an  intermediate 


stage  of  annealing  the  tetragonal  phase,  based  on  a CuAu  I-type 
structure,  spreads  over  the  whole  specimen.  This  phase  is  meta- 
stable, however,  and  on  prolonged  annealing  at  625°C  it  disappears, 
being  replaced  by  cubic,  ordered  Fe3Pt.  The  sequence  in  which  the 
tetragonal  FePt  and  cubic  Fe^Pt  phases  appear  on  annealing  is  the 

same  m the  25  and  27  a/o  Pt  alloys,  but  both  ordering  processes 
are  slower  in  the  latter  alloy. 


Ihe  metastable  tetragonal  phase  in  both  alloys  has  the 
same  lattice  parameter  (a  = 3.850A,  c = 3.715A)  which  does  not 
change  with  time  of  annealing.  These  cell  dimensions  are  the  same 
as  for  the  stable  ordered  FePt  phase  found  in  alloys  with  between 


32  and  62  a/o  Pt.  The  lattice  parameter  of  the  cubic  Fe3Pt  in- 
creases gradually  during  the  ordering  process  (from  3.722A  to 


3.734A  in  the  25  a/o  Pt  alloy). 


It  is  now  possible  to  understand  some  earlier  observa- 
tions on  the  effect  of  ordering  on  the  martensitic  behavior  of  the 
25  a/o  Pt  alloy.  The  thermoelastic  and  microstructural  leversibi- 
lity  are  markedly  different  in  specimens  quenched  after  annealing 
for  medium  and  long  times.  The  present  work  has  shown  that  marten 
site  formed  on  quenching  specimens  after  medium  annealing  times  is 
generated  from  the  metastable,  tetragonal  AuCu  I-type  structure, 
whereas  the  martensite  formed  from  wel 1 - annealed  austenite  origin- 
ates from  the  cubic,  ordered  Fe3Pt  structure.  Simple  experiments 
have  indicated  that  the  martensite  produced  from  the  cubic  phase 
has  a high  damping  capacity.  The  relative  magnitude  of  the  damp- 
ing effect  in  martensite  formed  from  the  metastable  tetragonal 
phase  is  unknown  as  yet. 


Several  attempts  have  been  made  to  fabricate  suitable 
samples  of  the  75  a/o  Fe-25  a/o  Pt  alloy  which  can  be  used  for 
damping  measurements.  However,  while  the  compositions  have  been 
melted  and  cast  successfully,  it  has  not  been  possible  to  generate 
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the  ordered  and  disordered  phases  successively  in  the  same  sample 
thus*  far.  Consequently,  while  measurements  of  the  loss  factor  in 
the  disordered  phase  have  been  made  (these  are  reported  in  Section 
IV)  no  measurements  on  the  ordered  75  a/o  Fe-25  a/o  Pt  have  been 
made  to  date. 

Extensive  measurements  of  the  damping  capacity  of  55  w/o 
Ni-45  w/o  Ti  samples  have  been  made  using  the  Resonant  Dwell  Ap- 
paratus designed  by  Bolt,  Beranek  and  Newman.  Section  V details 
the  characteristics  of  this  apparatus. 

The  BBN  resonant  dwell  apparatus  generates  damping  (Q_1) 
versus  temperature  curves.  The  applied  bending  stress  is  between 
1 and  10  ksi,  and  the  frequency  is  between  100  and  1000  Hz.  Ex- 
perimentally, it  was  found  that  the  damping  varies  with  the  cycl- 
ing  of  the  temperature-control  unit,  but  the  quality  of  the  measure- 
ments could  be  improved  significantly  by  determining  the  damping 
isothermal ly  versus  strain  amplitude  (tip  deflection).  This  in- 
volves measuring  the  resonant  frequency  and  the  accelerometer  out- 
put as  a function  of  controlled  tip  displacement.  Over  the  range 
of  tip  displacement,  y^ , employed,  the  acceleration,  aQ , and  the 
resonant  frequency,  f n , of  the  sample  are  each  nearly  linear  func- 
tions of  y which  increases  confidence  in  the  values  of  a and  f 
as  shown  in  Figure  32.  The  damping,  Q" 1 , is  nearly  independent  of 
yt  at  l°w  values  of  Q 1 , but  increases  with  y at  larger  values  as 
illustrated  in  Figure  33. 

"Isothermal"  curves  of  fn  and  aQ  versus  y were  taken  on 

both  cooling  and  heating;  values  of  f and  a were  selected  for 

n o 

yt  = 0.040  in.  and  used  to  calculate  Q" 1 . All  specimens  were 
first  heated  to  well  above  Ms,  held  for  15-30  minutes,  then  slowly 
cooled  to  the  temperature  at  which  the  measurement  was  to  be  made, 
and  held  for  15  to  20  minutes  to  insure  thermal  equilibrium.  The 
fn  versus  yt  and  aQ  versus  y^  data  were  taken  by  increasing  y in 
a stepwise  fashion  at  the  given  temperature.  Each  of  these  "iso- 
thermal" curves  yields  one  point  on  the  damping  versus  temperature 
plots,  and  since  only  comparatively  few  of  these  measurements  can 
be  made  each  day,  compatibility  of  measurements  taken  on  different 
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NiTi  4609-80 


Figure  32.  Sample  resonant  frequency  (f  ) and  acceleration 

as  a function  of  tip  deflection  (y*-)  at  a 
temperature  of  78°C  for  a sample  of  55w/oNi - 45w/oTi . 
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NiTi  4609-80 


12  3 4 5 6 

uQ  x 10-3 

33.  Specimen  damping  factor  (gs)  as  a function  of 
maximum  bending  stress  (o0)  at  various 
temperatures . for  a sample  of  55w/oNi - 4 5w/oTi . 
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days  had  to  be  determined.  The  agreement  wai  found  to  be  good. 
Figure  34  is  a plot  of  damping  versus  temperature  data  for  speci- 
mens with  different  stress  and  thermal  histories.  Figure  35  shows 
the  curves  for  specimens  during  heating  and  cooling.  There  is  a 
small  hysteresis. 

The  dynamic  Young's  modulus  of  NiTi,  measured  at  180Hz, 
was  determined  as  a function  of  temperature  by  noting  the  varia- 
tion in  resonant  frequency.  These  results,  together  with  data  on 
the  change  in  electrical  resistance  and  heat  capacity,  measured  in 
a differential  thermal  calorimeter,  are  shown  as  a function  of  tem- 
perature in  Figure  36. 

On  cooling,  the  marked  increase  in  the  damping  capacity 
and  the  iecrease  in  Young's  modulus  set  in  at  the  same  temperature 
(approximately  45°C).  The  increases  in  electrical  resistance  and 
heat  capacity  also  start  together,  but  at  a temperature  (approxi- 
mately 25°C)  which  is  some  20°C  lower  than  the  temperature  at 
which  the  modulus  and  damping  start  their  increase.  The  Mg  of 
this  alloy  is,  however,  indicated  by  the  peak  in  the  resistivity 
curve  on  cooling,  and  this  occurs  at  about  5°C,  The  damping  thus 
seems  to  increase  significantly  before  Ms  is  reached  (in  the  un- 
stressed sample)  and  this  may  result  from  (1)  stress- induced  mar- 
tensite (i.e.  the  stress- induced  raising  of  Ms) , (2)  premartensi t ic 
effects  in  the  alloy,  or  (3)  a combination  of  both. 

In  initial  tests  of  NiTi  alloys,  the  cantilever  beam  por- 
tion of  the  sample  deformed  (i.e.  it  both  twisted  and  bent)  during 
testing.  The  cause  of  this  deformation  was  believed  to  be  con- 
nected with  the  "shape  memory"  of  this  material,  more  specifically, 
the  machining  and  heat  treating  operations  combined  to  cause  the 
NiTi  samples  to  bend  and  twist  as  the  sample  transformed  as  the 
temperature  was  lowered  to  affect  a martensitic  (or  reverse)  trans- 
formation. The  bending  and  twisting  of  the  sample  is  deleterious 
to  testing  using  the  resonance  dwell  apparatus  because  of  the 
change  in  stress  distribution  associated  with  the  deformation.  In 
order  to  avoid  macro-deformation  associated  with  the  transformation. 
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temperature  on  cooling  (for  a constant 
for  a sample  of  55  k/o  N’i-45  w/o  Ti. 
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HI. AT  (proportional  Relative  Resistivity  Young's  log  (specimen  damping 

to  call  ^ 10*6  Modulus  x H>_ fl  factor! 


Temperature  (°C) 


ligure  30.  Specimen  damping  factor,  Young’s  modulus, 
relative  resistivity  and  heat  evolved  as 
a function  of  temperature  for  the  same 
series  (4609)  of  55w/oNi -45w/oTi . 


-51  - 


the  samples  were  heat  treated  with  the  intention  of  putting  a 
straight  untwisted  beam  into  the  "memory"  of  the  sample.  To  do 
this,  the  NiTi  specimen  was  fixed  in  an  appropriately  shaped  steel 
clamping  device,  put  into  a furnace  at  800°C,  allowed  to  come  to 
equilibrium  and  then  water  quenched.  The  quenched  samples  were 
then  thermally  cycled  (through  their  Ms  temperatures)  approximately 
seventy- five  times  before  damping  tests  were  performed  on  these 
samples . 

The  damping  tests  on  samples  V-4866-40  and  V-4866-60 
(5d  w/o  Ni-45  w/o  Ti)  are  shown  in  Figures  37  and  38.  The  cooling 
curves  are  shown  as  solid  lines  and  the  dashed  lines  indicate  the 
heating  curves.  The  two  figures  show  curves  which  are  similar  to 
each  other.  Upon  cooling  both  of  the  samples  showed  a significant 
increase  in  damping  by  40°C,  the  damping  continued  to  rise  to  a 
maximum  at  about  22°C.  The  damping  then  more  or  .ess  levels  to  an 
approximately  constant  value.  On  heating,  the  damping  curve  basic- 
ally follows  the  same  path  as  the  cooling  curve  except  that  the 
maximum  is  reduced  and  there  is  a hysteresis  effect.  That  is,  the 
damping  remains  high  to  a temperature  above  that  where  the  damping 
first  increased  on  cooling. 

During  the  tests  on  samples  V-4866-40  and  -60,  the  beams 
deformed  slightly  so  that  the  memory  was  not  entirely  "straight." 
Figures  37  and  38  can  be  compared  with  Figure  39  which  shows  the 
damping  curve  of  sample  4866-40  before  the  effort  to  straighten 
the  beam.  In  this  test  th^  beam  deformed  significantly,  but  as 
shown  in  the  figure,  the  basic  shape  and  position  (with  respect  to 
temperature)  of  the  curve  is  the  same  as  the  curves  from  the 
"straight  memory"  samples. 

An  important  point  which  was  necessary  to  clarify  was 
the  location  of  the  martensite  start  temperature  (Ms)  in  relation 
to  the  damping  curve.  The  resistivity  curve  of  a 4866  sample 
(thermally  cycled  through  Ms  seventy-five  times)  indicates  the  M 
is  at  about  20°C.  However,  there  was  a question  as  to  how  much 
the  (vibratory)  stress  applied  by  the  resonant  dwell  apparatus 
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Temperature  (°C) 

•amping  behavior  of  NiTi  alloy  4866  (sample  no 
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night  raise  the  Mg  temperature.  In  order  to  obtain  a reasonable 
estimate  of  how  Ms  is  affected  by  the  stress  (applied  by  the  test- 
ing apparatus),  the  resistivity  of  a sample  of  4866  NiTi  material 
was  measured  with  a dead  load  of  1275  psi  and  5485  psi  (the  maxi- 
mum stress  applied  in  the  damping  test).  These  tests  showed  that 
Ms  (indicated  by  the  temperature  at  the  peak  in  resistivity)  was 
not  shifted  (see  Figures  7-9).  The  conclusion  of  the  damping  and 
resistivity  measurements  is  that  the  damping  increases  significantly 
(that  is,  some  20°C)  before  Ms  is  reached.  This  suggests  that  the 
damping  increase  upon  cooling  is  initially  (in  the  40°C  to  20°C 
range)  caused  by  premartens  it ic  phenomena.  It  is  also  of  interest 
to  note  that  the  d>namic  Young's  modulus  (i.e.  the  modulus  measured 
at  the  resonant  frequency  of  the  sample)  has  a minimum  at  the  same 
temperature  that  the  damping  is  at  a maximum.  (Note  also  the  anom- 
alous positive  slope  of  the  modulus  above  Ms) . Tie  curves  for 
damping,  Young's  modulus,  and  resistivity  versus  temperature  are 
shown  in  Figure  40  for  sample  4866-40.  The  cooling  curves  (solid 
lines)  of  each  property  have  extrema  at  approximately  the  same  tem- 
perature. Also,  viewing  the  heating  curves  (dashed  lines),  ex- 
trema are  again  found  at  about  the  same  temperature. 

It  is  apparent  that  the  damping  remains  at  a high  level 
even  after  Mf  (approximately  -10°C)  has  been  reached.  Thus  the 
mechanism  which  causes  the  high  damping  (up  to  20°C)  is  probably 
distinct  from  the  mechanism  which  causes  the  high  damping  from 
20°C  to  - 4 5 °C . In  order  to  gain  further  information  about  the 
mechanisms  causing  damping  a thermal - tensi le  stage  for  a light 
microscope  has  been  constructed.  The  stage  has  been  tested  over 
the  temperature  range  of  -50°C  to  +60°C  (with  only  slight  modifi- 
cation this  temperature  range  can  be  considerably  expanded).  The 
stage  was  constructed  in  order  to  observe  the  behavior  of  the  sam- 
ple when  a stress  is  applied  and  subsequently  removed  at  various 
temperatures.  Samples  of  4866  NiTi  were  polished  (both  mechanic- 
ally and  electrolytically)  and  observed  in  the  stage  (with  no  ap- 
plied stress)  as  the  temperature  was  lowered  from  60°C  to  -50°C. 
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I i(TUrc  40,  Damping  behavior.  Young's  modulus,  and 
electrical  resistivity  as  a function  of 
temperature  for  NiTi  alloy  4 8hb. 

(55  w/o  Ni-45  w/o  Ti) 
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Young's  Modulus 


No  surface  relief  caused  by  the  martensite  has  yet  been  noted  in 
these  samples.  Work  is  continuing  on  this  problem. 

In  order  to  evaluate  the  effects  of  cold  working  on  the 
loss  factor,  Q ',  a series  of  samples  were  cold  worked  and  then 
machined  into  reeds.  These  were  subsequently  cycled  eighty  times 
between  -90°C  and  +100°C  and  measured  over  the  range  -60°C  to 
+80°C.  Figures  41-46  show  the  results  for  Q' 1 versus  T and  the 
dynamic  ioung's  modulus  versus  temperature.  The  general  features 
of  these  curves  are  similar  to  rho^c  shown  earlier  in  Figure  36. 
However,  the  results  obtained  for  the  sample  which  received  15% 
reduction  do  not  show  the  maxima  and  minima  exhibited  by  the  other 
curves . 

The  damping  behavior  of  73  w/o  Cu-14  w/o  Al-3  w/o  Ni  has 
been  measured  by  preparing  samples  of  this  alloy  in  the  single 
c r>  sta  1 and  polycrystalline  forms.  The  initial  icsults  were  ob- 
tained on  a polycrystalline  sample.  Figure  47  shows  these  results 
disclosing  rather  high  loss  factors.  However,  subsequent  examina- 
tion showed  that  the  sample  exhibited  some  cracks  which  may  have 
contributed  to  the  damping.  Consequently,  several  single  crystals 
ot  this  material  were  'repared  and  the  measurements  repeated. 

Samples  of  Cu- 1 4 . 0A1 - 3 . ONi  and  Cu- 14 . 1A1 - 3. ONi  have  been 
run  on  a differential  thermal  calorimeter  at  AMMRC . Critical  re- 
sults indicate  that  the  Ms  of  the  sample  can  be  determined  quite 
well  by  calorimetry.  Small  samples  (approximately  20mg)  indicated 
that  the  martensitic  reaction  occurs  in  a very  narrow  temper- 

ature range- - less  than  0.07°C  between  the  Ms  and  Mf  for  the  samples 
tested  (indicated  from  measurements  made  at  the  slowest  rate  of 
temperature  change  allowed  on  the  machine  used).  Larger  samples 
(approximately  120mg)  showed  a difference  of  approximately  5.0°C 
between  Ms  and  Mf.  This  may  be  the  effect  that  the  bulk  charac- 
teristics of  the  larger  sample  have  on  the  thermoelastic  transform- 
ation. In  both  large  and  small  samples  there  is  an  appreciable 
difference  between  As  and  Af  (about  15°C)  and  the  heat  liberated 
versus  temperature  curve  exhibits  a significant  amount  of  struc- 
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ipure  II.  boss  factor  vs.  lemperature  Curve  for  a Sample  of 


SS  w/o  Ni-45  w/o  I i measured  at  100-190  Hertz  and  a Stress 


of  2000  psi.  The  sample  was  cycled  80  times  between  -90  ( 
and  ♦U)0oC  prior  to  test  inn.  The  final  cycle  ended  by 
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DYNAMIC \L  Y01INC.S  MODULUS  DYNAMIC \l  YOUNGS  MODULUS 


• i «>'»*<•'  4S-  Dynamical  Youngs  Modulus  /s.  Temperature  for  55  w/o  Ni- 

45  w/oii  measured  at  145-190  Hertz  at  a Stress  of  2000  psi . 
The  lower  sample  was  deformed  3.21  hv  rolling  prior  to  80 
cycles  between  -90°C  and  <100°C  before  testing.  The  final 
cycle  ended  by  heating  from  -90°C  to  25°C.  The  M<-  is  at 
♦17°C . 


YOUNGS  MODULUS 


HSUrc  46.  Oynamical  youngs  Modulus  vs.  Temperature  for  55  »/o  Ni-45  „/„ 
" "’fasurcd  at  155-190  Hert:  at  a Stress  of  2000  psi  Both 

-97ccLdUCMoo-c  hT/  bV°'UnE  "rior  t0  80  <*«>« 

heating  from  -90’C  to  20"C  r,^  ^ 
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CU-14.2A1  3.0  N i 
( polycry sta 1 ) 
cool  i nj;  ”/  1 5/  ~4 


ture.  The  complexity  of  the  transformation  curves  will  he  better 
understood  after  further  optical  study  of  the  transformations. 

Samples  of  Cu- 14 . 0A1-3. ONi  single  crystals  have  been 
polished  and  optically  examined.  The  reported  color  change  has 
been  observed  to  occur  in  the  transformation  of  Bj+yj  (Bj is  an  or- 
dered BCC  phase  and  is  copper-red  in  color;  y|  is  basically  an  or- 
dered HCP  structure  and  is  a yellowish-gold  in  color).  A sample  of 
the  Bj  (.parent)  rhase  was  transformed  under  an  optical  microscope 
by  adding  liquid  nitrogen  to  the  glass  dish  holding  the  sample. 

The  martensite  phase  was  seen  to  grow  into  the  parent  phase  in  a 
slow  (thermoelastic)  manner.  The  martensite  plates  were  seen  tc 
retract  in  a similar  manner  when  the  sample  was  reheated  above  As. 

A thermal  recycling  of  the  B^yJ  transformation  indicated  that  the 
m.crostructure  did  not  have  a "memory."  The  lack  of  a "microstruc- 

taral  memory"  may  be  due  to  the  rapid  and  erratic  manner  in  which 
the  sample  was  thermally  cycled. 

In  order  to  gain  some  idea  of  possible  mechanisms  which 
contribute  to  high  damping  in  the  thermoelastic  alloys,  a simple 
stressing  device  was  constructed.  A Cu-Al-Ni  sample  was  stressed 
about  200  psi  in  compression  and  observed  simultaneously  under  a 
low-power  light  microscope.  As  the  sample  was  stressed,  twins 
could  be  seen  to  appear  and  tc  increase  in  length  and  number  as 
the  stress  was  increased.  These  same  twins  disappeared  immediately 
upon  the  release  of  the  stress.  The  interface  between  the  yj  mar-’ 
tensite  and  the  Bj  parent  phase  was  allowed  to  move  upon  the  appli- 
cation of  an  applied  stress.  Tie  amount  of  y{  increased  with  the 
applied  stress.  After  the  stress  was  removed,  the  yj-B,  interface 
retracted  slightly,  but  did  not  fully  recover  its  original  un- 
stressed position. 

Figures  48  and  49  show  the  results  of  Loss  Factor  and 
Dynamic  Modulus  versus  temperature  measurements  on  single  crystal 
samples  of  the  Cu-Al-Ni  alloy.  The  loss  factor  is  quite  high  be- 
low the  Ms  temperature.  However,  the  alloy  exhibits  a very  low 
modulus  and  the  loss  factor  drops  off  rapidly  above  +50°C. 
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Dynamical  'lonnj’s  Modulus  vs.  Temperature  Curve  for  a Sincle 

l IT  nampU'  0fl(:U'M-2  w/o  A1’3-0  w'/°  Ni  measured  at 
1 ‘ 5 crt:-  <he  Ms  temperature  for  this  material  is 

approximately  ♦I0°(\ 


IV.  Ml! ASU RliMIiNT  OF  Till;  DAMrING  BFHAVIOR  AND  STRHNGTH  OF  NICKRL 


AND  SHVFRAL  COBALT  BASF,  ALLOYS 

'n  order  to  evaluate  relative  damping  behavior  of  nickel 
and  the  cobalt  base  alloys  discussed  by  Cochardt  as  compared  with 
the  55  w/o  N i - 4 5 w/o  Ti  alloy  discussed  in  Sections  II  and  III,  mea- 
surements of  the  loss  factor  of  a 70  w/o  Co-30  w/o  Ni  alloy  and  a 
sample  of  pure  nickel  were  carried  out.  The  results  for  the 
70  w/o  Co- 30  w/o  Ni  sample  are  shown  in  Figure  50.  The  sample  has 
a very  flat  damping  curve  and  there  seems  to  be  no  large  change  in 
damping  even  above  the  Ms  temperature  which  occurs  at  about  30°C 
(1JS).  Figure  51  shows  the  results  of  the  damping  test  on  pure  (ap- 
proximately 99.9$)  Ni.  From  other  work  done  on  Ni  (1_4)  and  CoNi 
alloys  (9)  it  appears  that  a significant  amount  of  the  damping  in 
these  materials  is  due  to  magnetic  damping  (i.e.  from  magnetic  do- 
main motion),  however  in  several  of  these  alloys  there  is  a marten- 
sitic phase  transformation  (from  fee  to  hep)  and  it  is  of  consider- 
able interest  to  determine  if  a material  can  be  developed  which 
would  produce  damping  by  both  magnetic  domain  motion  and  by  thermo- 
elaSwic  martensite  formation. 

One  method  for  attaining  these  features  simultaneously 
is  to  consider  the  fcc/hcp  transformations  in  cobalt  rich  Co-Ni  al- 
loys like  the  70  w/o  Co-30  w/o  Ni  discussed  above.  This  alloy  has 
a very  high  magnetic  Curie  Point  and  a fcc/hcp  transition  near  room 
temperature.  This  alloy  was  one  evaluated  by  Cochardt,  who  reported 
a logarithmic  decrement  at  25°C,  a frequency  of  one  cycle/sec,  and 
a stress  of  2000  psi  for  a 65  w/o  Co-35  w/o  Ni  alloy  of  0.18.  The 
logarithmic  decrement  is  the  product  of  n times  Q" 1 . Thus 

C = stQ'  1 (1) 

and  if  c=0.18  then  Q_1%0.06.  This  value  is  approximately  fifteen 
times  larger  than  the  value  shown  in  Figure  50.  However,  the  lat- 
ter values  were  observed  at  200  Hertz  (200  cycles/sec)  and  2000 
psi  rather  than  1 cycle/sec  and  2000  psi  stress.  Cochardt  also 
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Temperature  (°C) 

ehavior  of  pure  nickel  (approximately  99. 


reported  on  a 80  w/o  Co-20  w/o  Fe  alloy  which  exhibited  c=0.09 
(i.e.  Q' 1 =0 . 03)  at  1 cycle/sec  and  2000  psi  and  25°C.  This  alloy 
also  exhibits  a high  Curie  temperature.  However,  in  the  condition 
as  fabricated  by  Cochardt  (9),  this  alloy  was  a sta- 
ble bcc  structure  which  was  probably  ordered  with  no  chance  for 
transformation.  The  processing  sequence  followed  by  Cochardt 
c * Hed  for  homogenization  at  1100°C  for  two  hours.  Figure  52 
shows  that  the  alloy  was  in  the  fee  field  at  this  temperature 
(13  3 KJ  . Subsequently  the  alloy  was  annealed  for  two  hours  at 
900  C (11  3°K).  Figure  52  shows  that  at  this  temperature  the  al- 
loy was  still  in  the  stable  fee  field  but  just  about  to  enter  the 
two  phase  fcc+bcc  field.  The  final  step  in  the  processing  se- 
quence employed  by  Cochardt  was  a slow  cool  to  room  temperature  at 
the  rate  of  120°C/hour.  During  this  treatment  the  sample  enters 
the  region  where  the  bcc  phase  is  stable  and  coexists  with  a fee 
phase  enriched  in  cobalt.  In  addition,  the  bcc  orders  below  800°K 
as  is  seen  in  Figure  52.  Unfortunately  Cochardt  did  not  discuss 
the  structure  of  his  80Co-20Fe  alloy.  However,  based  on  his  heat 
treatment  schedule,  it  is  likely  that  his  alloy  was  largely  bcc. 

Figure  52  shows  a curve  labeled  t£CC/bcg  which  describes 
the  locus  of  points  along  whicn  the  fee  and  bcc  Co-Fe  alloys  have 
equal  free  energies.  This  curve  has  been  computed  using  a thermo- 
chemical description  of  the  fee  and  bcc  phases  derived  earlier. 

Figure  53  shows  the  free  energy  difference  between  the  fee  and  dis- 
ordered bcc  phases  as  a function  of  temperature  and  comoosition. 

The  curve  labeled  AFBCC'>f;^^=0  is  the  same  as  that  shown  in  Figure 
52.  The  remaining  curves  show  the  locus  of  points  corresponding 
to  various  free  energy  differences  between  disordered  fee  and  bcc 
phases.  As  the  free  energy  difference  becomes  larger,  the  bcc  be- 
comes more  stable  relat'  _•  to  the  fee  phase  for  a given  composi- 
tion. In  the  case  of  iron  base  alloys  (i.e.  Fe-Ni  and  Fe-C  alloys'), 
the  fee  phase  can  be  retained  by  rapid  cooling  until  the  "driving 
force  for  transformation  to  the  bcc  form  reaches  the  vicinity  of 
300  cal/g.at.  (i.e.  the  free  energy  of  the  bcc  phase  is  300cal/g.at. 
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TEMPI  RAMIKI 


ATOMIC  PERCENT  IRON 


A,.BCC->FCC  . 

At  =0 


a,,bcc-*fcc  . , 

AF  =100  cal/g.at , 


.rBO>FCC  . . 

AF  =200  cal/g.at, 


. BCC  *FCC 

AF  =300  cal/g.at 


. BCOFCC  . , 

AF  =400  cal/g.at 


Room  Temperature 


(25°C) 

(lOw/oFc  = 10. 5a/oFe) 
(20w/oF'c  = 20.9a/oFc) 
( 22w/oF'c  = 23.  Oa/oFc) 


Liquid  Nitrogen 


Temperature  (78°K) 


ATOMIC  PERCENT  COBALT 

i igurc  53.  Calculated  Temperature  and  Composition  of  the  Free  Energy 
Difference  between  FCC  and  BCC  iron  Cohalt  Alloys. 


less  than  the  tec  phase).  Figure  53  suggests  that  this  situation 
should  prevail  at  room  temperature  in  an  alloy  with  80  a/o  Co- 
20  a/o  le  (.80.9  w/o  fo-19.1  w/o  Fe).  Alloys  containing  less  than 

20  a/o  le  could  he  expected  to  remain  fee  while  alloys  with  greater 

than  20  a/o  (19.1  w/o)  Fe  would  be  expected  to  transform  to  the 
bec  phase  on  cooling  from  1000°C.  In  order  to  test  this  predic- 
tion, a series  of  cobalt- iron  alloys  was  prepared  and  air  cooled 
from  1000°C.  Figures  5457  show  the  resulting  microstructures. 

1 he  first  two  photomicrographs  show  typical  austenitic  fee  struc- 
tures obtained  by  air  cooling  the  82  w/o  Co  18  w/o  Fe  and  90  w/o  Co- 
10  w/o  Fe  alloys.  On  the  other  hand,  I igure  Sf  shows  the  marten- 
sitic bcc  structure  obtained  on  air  cooling  the  78  w/o  Co-22  w/o  le 

alloy.  I he  crystal  structure  of  these  alloys  was  verified  by  X-ray 
diffraction  using  CrKu  radiation.  Inclusions  shown  in  Figures  54- 
57  arc  oxide  particles  which  are  present  in  the  Ferrovac  T;  iron 
used  to  make  the  alloy  by  combination  with  electrolytic  cobalt. 

Figure  S'7  shows  the  microstructure  of  the  80  w/o  Co- 
20  w/o  Fe  alloy  which  contained  some  surface  martensite  formed  dur- 
ing the  polishing.  Ibis  was  established  by  annealing  the  specimen 
at  1000  C,  air  cooling  it  and  taking  an  X-ray  pattern  from  the  sur- 
face without  polishing.  Ibis  pattern  showed  no  bcc  diffraction 
lines.  However,  polishing  the  si  r ace  produced  strong  bcc  peaks. 
This  result  suggests  that  the  20  w/o  Fe  alloy  (19.1  a/o  Fe)  is 
close  to  transforming  at  room  temperature.  This  result  is  in  keep- 
ing with  the  predictions  of  Figure  53. 

An  attempt  was  made  to  produce  martensite  in  this  alloy 
I’/  cooling  it  in  liquid  nitrogen  (i.e.  to  77°K).  However,  no  bcc 
phase  1 irmed.  This  may  be  due  to  the  steep  free  energy  difference 
versus  temperature  curve  which  does  not  yield  very  many  more  cal/ 

g.at.  of  driving  force  as  the  temperature  is  lowered  from  300°k  to 
7 7 ° K . 

I lie  results  shown  in  Figures  54  - 57  are  in  keeping  with 
earlier  studies  of  the  Co-Fc  system  (1_6-1_8)  which  showed  a lower- 
ing of  the  fcc/hcp  transition  temperature  of  cobalt  by  the  addition 
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Plate  No. 
10486 


Figure  54.  82  w/o  Co-18  w/o  Fe  Alloy  Annealed  at  1000°C  Air 

Cooled  to  25  C.  Etched  in  5%  Nital  . Photomicrograph 
Shows  Twinned  Austenitic  Structure  (X1000). 


Plate  No. 
10489 


Figure  55.  90  w/o  Co-10  w/o  Fe  Alloy  Annealed  at  1000°C  Air 

Cooled  to  25  C.  Etched  in  5%  Nital.  Photomicrograph 
Shows  Twinned  Austenitic  Structure  (X1000). 
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Plate  No. 
10483 


Figure  56.  78  w/o  Co-22  w/o  Fc  Alloy  Annealed  at  1000°C  Air 

Cooled  to  _5  C.  Ftchcd  in  5?o  Nital.  Photomicrograph 
Shows  Structure  bf  BCC  Phase  (X1000). 
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Plate  No. 
10484 


Figure  57.  80  w/o  Co-20  w/o  Fc  Alloy  Annealed  at  1000°C  Air 

Cooled  to  25°C . Ftchcd  in  5%  Nital.  Central  Grain 
Shows  Surface  Martensite  (BCC)  Formed  during  Polish- 
ing in  an  Austenite  (FCC)  Matrix  (X1C00). 
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of  iron.  Addition  of  5 a/o  Fe  to  cobalt  reduced  Tq  from  733°K  to 
500°K^(17,18).  Alloys  with  7.5,  10.0,  12.5  and  15°a/o  Fe  cooled 
to  25  t (248  K)  by  water  quenching  after  two  hours  at  1100°C  were 
found  to  be  completely  fee  (16).  Plastic  deformation  in  Liquid 
nitrogen  by  hammering  to  effect  a 17%  deformation  produced  hexag- 
onal phase  in  the  7.5  a/o  Fe  alloy  and  some  bcc  phase  in  the  15  a/o 

alloy.  However  the  10.0  and  12.5  a/o  Fe  alloys  were  found  to  re- 
main frc. 

ihus,  the  series  of  Co-Fe  alloys  shown  in  Figures  54  and 
5"  with  18  and  20  w/o  iron  fall  in  exactly  the  range  required  to 
test  the  hypothesis,  i.e.  that  high  damping  could  be  attained  in  a 
metastable  phase  with  a high  magnetic  Curie  point.  The  Curie 
point  for  the  fee  appears  to  be  near  950°C  (1223°K) (18) 

Accordingly,  a series  of  "resonant  dwell  damping"  bars 
were  fabricated  from  alloys  in  this  series  and  tested  at  25°C 
along  with  an  additional  set  of  alloys  at  a stress  level  near  2000 
psi.  The  geometry  of  the  samples  resulted  in  natural  frequencies 
in  the  190-270  Hertz  range.  The  results  for  the  origina.  set  of 
samples  are  shown  in  Table  1.  This  group  of  samples  labeled  51-64 
were  prepared  by  annealing  alloy  stock,  machining  the  damping  bars 
and  then  making  the  measurements. 

Subsequently,  the  damping  bars  were  X-rayed.  It  was 
found  that  samples  57,  58,  59  and  60  (i.e.  80  w/o  Co-20  w/o  Fe  and 
82  w/o  Co-18  w/o  Fe)  exhibited  fee  and  bcc  diffraction  lines. 

This  was  apparently  due  to  the  surface  deformation  which  occurred 
duiing  machining.  Consequently,  these  four  samples  were  rean- 
nealed at  1000°C  and  oil  quenched.  These  samples  yielded  com- 
pletely fee  X-ray  patterns.  Subsequent  measurement  of  the  loss 
factor  yielded  values  of  280  to  500  x 10’ 4 as  shown  by  samples 
57A,  58A,  59A  and  60A  in  Table  1.  Following  this  experience,  the 
remainder  of  samples  51-64  were  reannealed  and  oil  quenched  and 
the  loss  factor  at  25°C  measured  once  again.  The  results  are 
shown  in  Table  2.  The  reannealing  did  not  affect  the  loss  factors 
of  the  78  w/o  Co-22  w/o  Fe  samples  very  much.  These  were  14  and 
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16  x 10  4 (Numbers  35  and  56)  before  the  reannealing  and  20  and 

13  x 10  4 (Numbers  55A  and  56A)  after  reannealing.  The  diffrac- 
tion patterns  both  showed  substantial  Quantities  of  the  bcc  phase. 
Similarly,  the  reannealing  had  little  effect  on  the  90  w/o  Co- 

10  w/o  Fe  alloys.  Thus  samples  61  and  62  exhibited  Q* 1 = 8 and 

14  x 10' 4 before  reannealing  and  7 and  7 x 10'4  after  annealing. 
Both  sets  of  X-ray  patterns  showed  completely  fee  structures. 

Thus  the  results  show  a marked  peak  in  the  loss  factor  in  the  vi- 
cinity of  80  w/o  Co-20  w/o  Fe  providing  the  alloy  is  all  fee. 

This  is  not  dependent  on  the  magnetic  Curie  temperature  since  both 

the  fee  and  bcc  phases  have  high  Curie  temperatures  which  are  near 
1000°C. 

Tabic  2 shows  additional  results  for  other  Co-Fe  alloys 
with  compositions  in  the  vicinity  of  80  w/o  Co-20  w/o  Fe  which 
were  made  and  tested  in  order  to  establish  the  effects  of  composi- 
tion, structure  and  degree  of  coid  work  on  the  loss  factor.  These 
preliminary  results  show  that  the  high  damping  behavior  can  be  re- 
produced in  other  alloys  but  it  is  eliminated  by  cold  work.  This 
work  is  proceeding  in  order  to  establish  the  processing  limits  for 
obtaining  high  loss  factors. 

Table  2 also  contains  the  results  of  damping  tests  on 
NIVCO,  which  is  a commercial  alloy  developed  by  Cochardt  at 
Westinghousc  (2£) . It  was  kindly  furnished  by  Dr.  Lou  Willertz  of 
West inghouse  Research  Laboratories.  According  to  Cochardt 's  de- 
scription, NI\CO  is  72  w/o  Co-23  w/o  Ni  and  the  balance  titanium 
and  aluminum  which  arc  added  to  provide  strength  by  precipitation 
hardening.  Cochardt  reports  values  of  the  logarithmic  decrement 
of  0.02  and  0.05  at  room  temperature  for  this  alley  at  shear 
stresses  of  2000  psi  and  5000  psi  (Figure  1 of  Reference  20). 

Since  Q' 1 is  equal  to  the  decrement  divided  by  u,  Cochardt's  re- 
sults would  correspond  to  loss  factors  of  0.007  and  0.017  or 
70  x 10'  4 and  170  x 10'4  respectively  at  25°C  and  stresses  of  2000 
psi  and  5000  psi.  These  values  are  much  higher  than  those  shown 
in  1 able  2.  The  values  measured  in  the  present  tests,  i.e.  14xl0'4 


at  2000  psi  and  2b  x 10"4  at  5000  psi,  arc  five  times  smaller  than 
Cochardt's  results.  The  main  difference  is  that  the  frequency  of 
the  present  measurements  at  230-270  Hz  is  in  the  audible  range 
while  that  used  by  Cochardt  was  near  1 cycle/sec  (1  Hertz). 

Thus,  the  current  results  indicate  that  loss  factors  of 
Q"  1 = 500  x 1 0 _ 4 are  attainable  in  the  80  w/o  Co-20  w/o  Fe  alloys 
which  are  two  to  three  times  higher  than  observed  in  nitinol  (i.e. 
55  w/o  Ni-45  w/o  Ti)  and  fifty  times  higher  than  NIVCO.  Measure- 
ments of  the  loss  factor  of  80  w/o  Co-20  w/o  Fe  will  be  carried 
out  between  -80°C  and  +80°C  for  comparison  with  the  55  w/o  Ni- 
45  w/o  Ti  alloy.  However,  preliminary  results  show  almost  no 
change  in  the  audible  "ring"  (or  lack  of  "ring")  of  the  alloy  at 
liquid  nitrogen  or  +200°C.  Thus  it  is  not  anticipated  that  the 
Q" 1 \alue  will  decrease  significantly  in  this  temperature  range. 

The  other  advantages  the  Co-Fe  alloy  has  in  relation  to 
the  Ni-Ti  alloy  a 'C  a higher  modulus  of  25  million  psi  (Tables  1 

and  2)  versus  8 million  psi  and  ease  of  fabrication. 

In  order  to  evaluate  the  strength  of  the  80  w/o  Co-20 

w/o  Fe  composition,  a set  of  tensile  bars  were  fabricated  of  an- 

nealed material.  Subsequent  tests  were  expanded  to  test  swaged 
rod.  These  were  compared  with  tensile  results  measured  for  NIVCO. 
Figures  58-66  display  the  results.  The  82  w/o  Co-18  w/o  Fe  and 
80  w/o  Co- 20  w/o  Fe  alloys  showf  reproducible  0.2  percent  offset 
yield  strengths  of  17000-18000  psi  in  the  annealed  condition  in 
Figures  58-62.  This  is  the  strength  level  of  the  samples  which 
exhibited  loss  factors  of  Q'1  = 500  x 10' 4 . 

Figures  63-65  show  the  yield  strength  obtained  for  sam- 
ples of  the  18.5  w/o  Fe,  19  w/o  Fe  and  19.5  w/o  Fe  alloys  in  a 
cold  worked  condition  following  a 331  reduction  in  diameter  by 
cold  swaging.  Reference  to  Table  2 shows  that  these  alloys  exhi- 
bited loss  factors  of  11  to  14  x 10'4  in  the  cold  worked  condition. 
Annealing  raised  the  loss  factor  of  the  19.5  w/o  Fe  sample  to 
320  x 10" 4 as  shown  in  Table  2. 

Figure  66  shows  the  results  of  a tensile  test  on  NIVCO. 
The  measured  0.2  percent  yield  strength  of  108,900  psi  is  in  good 
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Figure  58.  Stress-Strain  Curve  for  a 82“dCo-18 
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Figure  59.  Stress-Strain  Curve  for  a 82\Co-18*Fe  Alloy  at  25°C 
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Tigure  60.  Stress-Strain  Curve  for  a 80°oCo-20°oFe  Alloy  at  25 


7 


STRAIN  (PERCENT) 

Figure  61.  Stress-Strain  Curve  for  a 80%Co-20%Fe  Alloy  at  25°C. 
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Figure  62.  Stress-Strain  Curve  for  a 80 oCo-20‘,«F’c  Allov  at  25°C. 
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Stress-Strain  Curve  for  a 81.5  w/o  Co-18.5  w/o  Fe 

Alloy  Tested  in  the  Cold  Worked  Condition  at  25°C. 
Cold  reduction  of  thirty-three  percent  (diametral) 
by  swaging. 
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Stress-Strain  Curves  for  81  w/o  Co-19  w/o  le  Alloy  in 
the  Cold  Worked  and  Annealed  Condition  at  25°C 
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agreement  with  Cochardt's  reported  value  of  110,000  psi  (20). 

'hese  values  of  the  yield  strength  were  combined  with 
the  measured  loss  factors  measured  at  a stress  level  of  2000  psi 
in  the  range  150  to  250  Hz  for  NIVCO,  80  w/o  Co-20  w/o  Fe  and 

55  w/o  N i - 4 5 w/o  Ti  are  compared  in  Figure  67.  The  comparison 

shows  the  relatively  high  damping  capacity  (and  low  strength)  of 
the  Co-Fe  alloy  to  the  other  two  materials.  However,  it  is 
likely  that  this  shortcoming  can  be  overcome  through  alloying. 

For  example,  the  strength  of  NIVCO  is  not  due  to  the  properties 
of  the  72  w/o  Co-23  w/o  Ni  matrix,  which  is  comparable  to  the 

80  w/o  C i- 20  w/o  Fe  material.  The  strength  is  due  to  the  presence 

oi  precipitates  formed  by  the  A1  and  Ti  additions.  A similar  ef- 
fect can  be  expected  in  the  Co-Fe  alloy.  Another  possible  source 
of  strengthening  is  additional  solid  solution  hardening  which 
might  be  effected  by  addition  of  nickel.  The  nicxel  additions 
would  be  controlled  so  as  to  maintain  the  "metastable  condition" 
of  the  fee  phase.  This  is  illustrated  in  Figure  b8  which  shows 
the  ternary  Fe-Ni-Co  counterpart  of  Figure  53  calculated  on  the 
basis  of  the  thermochemical  description  published  previously  (10). 

Figure  68  shows  the  locus  of  the  AFBC(>FCC=0  and  the 
afBCC+FCC=+300  cal/g.at.  curves  in  the  Fe-Ni-Co  system  at  25°C. 
These  alloys  should  be  metastable  in  the  fee  form  at  25°C.  If 
they  can  be  fabricated  in  this  state,  they  may  develop  high  Q"1 
values  comparable  to  80  w/o  Co-20  w/o  Fe  and  higher  yield  strengths 
than  the  17,500  psi  level  exhibited  by  the  80/20  Co-Fe  alloy.  Such 
a series  of  alloys  is  currently  being  fabricated  for  evaluation. 

If  this  effort  produces  the  desired  result,  it  would  also  have  a 
beneficial  effect  on  the  cost  of  the  alloys  since  it  would  in- 
crease the  iron  content  of  the  alloy  and  substitute  nickel  for  co- 
balt. Both  of  these  composition  changes  would  lower  the  cost. 
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(’7'  Comparison  of  Damping  Capacity  (Loss  Factor)  and  Yield 
v rongth  for  Several  High  Damping  Materials  at  '\S°C 
±otp  that  Damping  Factor  is  Displayed  on  a Logarithmic 
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figure  68.  Calculated  Regions  of  BCC  and  ICC  Stability  for 
1 i xed  Compositions  at  25°C  in  the  Iron-Nickel- 
Cobalt  System. 
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V.  DESCRIPTION  OF  THE  EXPERIMENTAL  METHODS  FOR  PERFORMING  THE 
DAMP  INC.  MI-.ASUREMENTS 

During  the  period  which  is  covered  by  the  present  report 
the  main  effort  at  Bolt,  Beranek  and  Newman  has  been  concentrated 
on  design,  construction  and  testing  of  the  Resonant  Dwell  Apparatus. 
This  type  of  apparatus  can  be  employed  to  measure  the  specimen  loss 
factor,  gs,  as  a function  of  temperature.  This  property  is  a di- 
rect measure  of  the  acoustic  absorption  capacity  of  a given  mater- 
ial. As  a result  of  previous  developments  and  current  activities 
the  apparatus  can  now  be  operated  between  -100°C  and  +300°C,  thus 
covering  the  general  range  of  interest  for  most  engineering  appli- 
cations. In  addition  to  upgrading  the  operating  characteristics  of 
the  Resonant  Dwell  Apparatus  some  determinations  of  gs  were  made  as 
a function  of  temperature  on  standard  "reed-type"  and  standard 
"flat-type"  samples. 

The  measured  material  loss  factors  were  obtained  by  means 
of  a resonance  dwell  apparatus.  Heine  (21)  and  Cremer,  Heckl  and 
Ungar  (22_)  have  discussed  resonant  measurements  of  loss  factors, 
and  they  have  discussed  a number  of  other  techniques  for  measuring 
loss  factors.  The  following  discussion  is  based  on  their  publica- 
tions . 

The  resonance  dwell  technique  is  a forced  vibration 
method  of  indirectly  determining  the  loss  factors  of  simple  struc- 
tural elements  by  measuring  their  response  to  excitation  at  a modal 
frequency.  For  a thin  beam,  where  the  mode  and  dynamic  stress  dis- 
tributions are  well  known,  the  specific  damping  capacity  of  the  ma- 
terial (energy  dissipated  per  unit  volume  in  one  stress  cycle  at  a 
given  peak  stress  divided  by  2 tt  times  the  peak  potential  energy  in 
the  unit  volume  at  the  same  stress)  may  be  inferred  from  the  deter- 
mined loss  factor. 

In  this  test,  the  specimen  loss  factor  in  a mode  (usually 
the  fundamental)  is  determined  from  the  resonant  amplification  fac- 
tor, or  Q,  of  the  specimen  in  that  mode.  The  mechanical  Q of  a 
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vibrating  system  is  defined  in  terms  of  a characteristic  deflection 
6 of  the  system  due  to  distributed  exciting  forces  proportional  to 
the  inertia  forces  of  the  mode  in  question.  The  amplification  fac- 
tor at  resonance  is 


where  6fl  is  the  deflr  tion  due  to  the  distributed  exciting  force 
being  applied  statistically  and  6res  is  the  deflection  when  the 
same  pattern  of  forces  is  applied  in  simple  harmoni(  motion  at  the 
modal  natural  frequency.  The  relationship  between  Q,  the  specimen 

loss  factor  gs,  and  the  logarithmic  decrement  c of  single-degree- 
of- freedom  system  is 


C = l (3) 

The  advantages  of  the  resonance  dwell  method  are:  first, 

the  ratio  5 0 / 6 r e s , for  a properly  designed  specimen,  is  dependent 
only  upon  the  damping  in  the  specimen;  second,  the  vibration  ampli- 
tude  6res  may  be  maintained  at  any  constant  level  so  that  specimen 
damping  may  be  determined  as  a function  of  a well-defined  stress 
history;  and  third,  because  nothing  is  attached  directly  to  the 
vibrating  specimen,  extraneous  energy  losses  are  minimized. 

The  method  for  ensuring  that  the  beam  specimen  is  excited 
at  a mode  is  straightforward.  The  apparatus  is  constructed  in  such 
a way  that  the  specimen  acts  as  a vibration  absorber  placed  on  an 
excited  single  degree- of- freedom  supporting  system  (see  Figure  69). 
At  a natural  frequency  of  the  beam,  the  response  of  the  supporting 
system  is  minimized.  The  frequency  of  the  response  minimum,  and 
hence  of  the  beam  mode,  can  therefore  be  determined  by  monitoring 
the  acceleration  of  the  supporting  system. 

A sketch  of  the  apparatus  is  shown  in  Figure  70.  A can- 
tilever beam  specimen  of  a test  material  is  clamped  to  a bar  which 

-96- 


FRONT  VIEW  OF  A SECTION 


o 


-98- 


'CONNECTED 
TO  SHAKER 

FIGURE  70.  SKETCH  OF  THE  RESONANT  DWELL  APPARATUS  AND  ENVIRONMENTAL  CHAMBER. 


is  connected  at  one  end  to  an  electromagnetic  shaker  and  the  other 
to  a heavy  base.  The  thickness  of  thi  bar  at  the  base  end  has  been 
reduced  by  a saw  cut  to  provide  a pivot  around  which  the  remainder 
of  the  bar  can  rotate  when  excited  by  the  shaker.  figure  71  shows 
the  configuration  of  a typical  reed-type  test  beam. 

The  shaker  is  connected  tc  the  bar  by  a rod  which  passes 
through  a hole  in  the  base.  The  hole  is  sealed  by  a rubber  dia- 
phragm which  keeps  the  gases  that  are  used  for  temperature  control 
from  leaking  out  of  the  chamber. 

Control  of  the  temperature  of  the  test  beam  is  provided 
by  a commercially  available  environmental  chamber  that  has  been 
modified  to  provide  some  viewing  ports.  The  chamber  can  be  raised 
to  a temperature  of  over  600°f  by  air  that  is  blown  over  electric 
heaters.  It  can  be  cooled  to  -1()0°F  by  allowing  carbon  dioxide  to 
expand  through  the  chamber. 

The  base  shown  in  figure  70  may  be  placed  on  any  conven- 
ient solid  surface,  such  as  a laboratory  table.  Hxcitation  of  the 
base  by  the  shaker  reaction  is  minimized  by  the  large  mass  of  the 
base  and  by  supporting  the  body  of  the  shaker  on  a jack  which 
passes  between  the  legs  of  the  base.  The  jack  provides  some  isola- 
tion of  the  shaker  from  the  table.  The  isolation  can  be  improved 
by  supporting  the  shaker  on  a "bridge"  that  is  tied  to  the  floor. 
Measurements  of  the  acceleration  of  the  base  showed  the  present 
configuration  to  be  adequate. 

The  lesponse  of  the  supporting  system  (y(t)  in  Figure  6 9 ] 
to  shaker  excitation  is  measured  with  an  accelerometer  mounted  on 
the  bar  at  the  root  of  the  specimen.  Specimen  response  [ x ( t ) in 
figure  ()<)]  is  measured  optically  with  a iow  power  microscope  with 
a re  t i ca  1 . 

Figure  72  shews  a block  diagram  of  the  electronic  instru- 
mentation that  is  used  in  conjunction  with  the  resonance  dwell  ap- 
paratus. Only  two  electronic  measurements  are  requi red -- i dent i f i - 
cation  of  the  resonant  frequency  of  the  test  beam,  and  accelero- 
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FIGURE  72.  BLOCK  DIAGRAM  OF  ELECTRONIC  INSTRUMENTATION  FOR  RESONANT  DWELL  DAMPING 
MEASUREMENTS. 


meter  output.  I'he  remaining  measurement  is  the  nonelectronic  opti- 
cal measurement  of  displacement  of  the  beam  tip.  That  measurement 
is  facilitated  by  the  "stop-action”  feature  of  a stroboscope  light 
that  is  set  to  flash  at  nearly  the  same  frequency  as  the  frequency 
of  tne  mechanical  oscillation  of  the  test  beam.  Figure  73  shows  a 

photograph  of  the  environmental  chamber  and  the  associated  elec- 
tronics . 

The  response  of  a test  beam  in  the  resonant  dwell  appara- 
tus can  be  described  by  the  following  mathematics.  For  cantilever 
beams  in  their  fundamental  mode  of  vibration,  tip  amplitudes  as  a 
function  of  peak  stress  and  specimen  natural  frequency  are  given  by 


t , DA 


= 3.63(/)-^ 
n /Bp 


(4) 


where  y^ 


peak  to  peak  amplitude  (in.),  = maximum  stress 


(PSU,  fn  = specimen  design  natural  frequency  (Hz),  I;  = Young's 
Modulus  (psi),  and  p = material  density  (lb/in3).  The  fundamental 


natural  frequency  of  a cantilever  beam  of  length  L (in.)  and  thick- 
ness h (in.)  is 


f - 1 ,1.8751.  2 r32E  ‘/2 


(5) 


The  relationship  between  the  specimen  loss  factor  gs  and 
root  acceleration  a„,  fundamental  specimen  frequency  f n , and  beam 
tip  double  amplitude  y ...  is 

L f UA 

gs  = 0.083  (1  + 0.2L)  _1  _ 1 

fn  yt,DA 

where  a0  is  the  bar  acceleration  in  in. /sec2  measured  at  the  fre- 
quency fn  (the  response  minimum). 

Bach  beam  specimen  may  be  run  at  the  frequencies  of  modes 
higher  than  the  fundamental.  In  practice,  however,  the  highest 


- 102- 


electrometer 


1 


-103- 


useful  mode  is  usually  the  second  (though  for  specially  designed 
specimens  the  third  might  be  used),  because  the  tip  amplitude  for 
a given  stress  becomes  very  small  with  increasing  frequency  and  be- 
cause the  force  required  for  the  excitation  of  a given  stress  in- 
creases with  both  mode  number  as  well  as  frequency.  For  example, 
a force  higher  by  a factor  of  more  than  3 is  required  to  excite  a 
10,000  psi  peak  stress  in  a specimen  with  a 650  Hz  second  mode  than 
for  a specimen  designed  to  have  a 650  Hz  first  mode  even  though  the 
HE  amplitudes  required  are  the  same  for  the  two  specimens. 

The  formulas  equivalent  to  Equations  4 and  5 for  the 
second  mode  are 


and 


f = J_  ,-4.6941-.  ? 32E.  l/: 

I?  i ' i ' *U— r— ) 

2v  L P 


gs,2  = n-045  (1  + 0.056!.) 


( 7) 


(8) 


The  measurements  described  in  this  section  were  obtained 
with  a nickel- titanium  reed-type  sample  like  the  specimen  shown  in 
Figure  32.  The  test  specimen  was  prepared  by  standard  heat  treat- 
ment and  temperature  cycling  70  times  between  -90°C  and  +65°C. 

Preliminary  measurements  of  the  temperature  distribution 
within  the  test  volume  of  the  commercial  temperature  chamber  re- 
vealed that  the  temperature  was  not  uniform,  and  the  temperature  at 
a given  point  in  the  chamber  varied  with  time  for  a fixed  setting 
of  the  temperature  control.  Therefore,  it  was  necessary  to  measure 
the  temperature  of  the  test  specimen  by  attaching  an  i ron- constan- 
tan  thermocouple  to  its  surface  (near  the  root  of  the  beam). 

These  measurements  also  showed  that  the  specimen  loss  fac- 
tor of  the  nickel- 1 i taniuin  test  beam  depended  on  the  amplitude  of 
vibration  of  the  tip  of  the  beam  at  a fixed  temperature  at  which 
the  higher  loss  factors  were  exhibited.  In  addition,  the  value  of 
the  loss  factor  and  the  relationship  between  the  loss  factor  on 
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tip  amplitude  at  a given  temperature  depended  on  the  past  history 
of  the  temperature  changes.  That  is,  the  damping  properties  at  a 
given  temperature  were  not  necessarily  the  same  when  the  sample  was 
cooling  as  when  it  was  heating. 

The  resonant  frequency  of  tie  test  beam  varied  as  the  tip 
amplitude  and  temperature  were  changed.  Some  of  the  change  in  loss 
factor  with  changing  tip  amplitude  may  have  been  caused  by  the  ac- 
companying frequency  change,  and  not  by  the  amplitude  change.  How- 
ever, the  changes  in  resonant  frequency  were  small.  The  resonant 
frequency  of  the  test  beam  was  between  150  Hz  and  200  Hz  for  the 
entire  range  of  temperature  and  tip  amplitude  covered  during  the 
tests. 

figure  "4  shows  that  the  specimen  loss  factor  determined 
from  the  observations  of  the  test  specimen  was  not  a function  of 
tip  displacement  for  the  higher  temperatures  at  which  lower  values 
of  loss  factor  were  observed.  1 igurc  74  also  shows  that  the  mea- 
sured specimen  loss  factor  was  a relatively  strong  function  of  tip 
displacement  at  the  lower  temperatures  at  which  high  specimen  loss 
factors  were  measured. 

The  stra in- independence  of  the  loss  factor  at  77°1  would 
seem  to  rule  out  dislocation  motion  and  magnetic  domain  motion  as 
the  mechanisms  that  generate  the  observed  loss  factor  since  those 
mechanisms  arc  predicted  to  be  stress  (and  therefore  strain)  depen- 
dent (21 ).  Of  the  known  mechanisms  for  generating  internal  friction 
in  metals,  theory  predicts  that  only  thermal  diffusion  is  indepen- 
dent of  stress  (ibid).  Substitution  of  the  values  of  the  thermal 
coefficients  for  the  test  sample  into  the  equation  to  predict  the 
sample  loss  factor  due  to  thermal  diffusion  yielded  a value  which 
is  an  order  of  magnitude  lower  than  the  constant  value  in  figure 
55.  Therefore,  the  loss  factor  measured  at  77°1;  agrees  with  no 
known  theory.  hither  the  test  material  is  controlled  by  some  in- 
ternal loss  mechanisms  that  are  not  described  by  available  theories, 
or  the  measuring  equipment  introduced  some  artifact.  It  seems  un- 
likely that  the  equipment  gave  extraneous  high  readings  at  77°F, 
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since  readings  an  order  of  magnitude  lower  (in  agreement  with  ther- 
mal diffusion  theory)  were  obtained  above  100°F. 

A number  of  graphs  like  those  shown  in  Figure  74  were 
used  to  pick  off  the  specimen  loss  factor  corresponding  to  a con- 
stant tip  displacement  (tero  to  peak)  of  .02  in.  for  various  temper- 
atures. It  was  necessary  to  use  separate  graphs  for  heating  sequen- 
ces and  cooling  sequences.  The  value  of  the  loss  factor  depended 
slightly  on  the  strain  sequence  (increasing  or  decreasing  strain). 
Straight  lines  were  fit  through  the  points  on  the  graphs  like  those 
in  Figure  74.  Curved  lines  may  have  been  equally  appropriate.  The 
straight  line  provided  better  definition  of  the  temperature  depen- 
dence oi  the  damping  factor  than  was  obtained  before  any  attempt 
was  made  to  plot  the  damping  factors  at  constant  tip  amplitude. 

Figure  75  shows  the  specimen  loss  factors  determined  from 
observations  of  the  n i eke  1 - 1 i tan ium  test  specimen.  The  curve  re- 
veals some  apparent  hysteresis  in  the  damping  properties  of  the  spe- 
cimen--the  specimen  loss  factors  effective  at  temperatures  near  80°F 
appeared  to  be  different  for  the  cooling  and  heating  cycles.  Rela- 
tively small  errors  in  the  measured  output  of  the  thermocouple  at- 
tached to  the  root  of  the  test  beam  could  have  contributed  to  the 
apparent  hysteresis.  If  portions  of  the  test  beam  were  not  at  the 
same  temperature  that  was  measured  at  the  root  of  the  beam,  there 
might  have  been  apparent  hysteresis  generated  by  the  non-uniform 
temperature  c f the  beam. 

The  point  that  lies  well  above  the  curve  in  Figure  75  was 
determined  from  observations  of  the  test  sample  that  were  made  on  a 
different  day  from  the  observations  that  yielded  most  of  the  other 
points  in  the  figure.  That  point  provides  some  evidence  that  the 
response  of  the  test  sample  depended  on  the  past  history  of  the  sam- 
ple, which  is  consistent  with  the  observed  temperature  hysteresis 
of  the  damping  properties  of  the  test  sample. 

Laboratory  measurements  showed  that  the  internal  damping 
of  mechanical  vibrations  of  a nickel- titanium  test  beam  was  unusu- 
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ally  high  at  temperatures  below  about  80°F.  The  specimen  loss  fac- 
tor approached  .01  near  0°F  at  about  200  Hz  and  about  5000  psi 
stress.  That  value  for  the  loss  factor  is  more  typical  of  built-up 
composite  structures  than  homogeneous  samples  (.23,^4).  The  values 
of  the  loss  factor  determined  from  the  measurements  depended  on 
temperature,  past  history  of  temperature,  the  amplitude  of  the  tip 
of  the  vibrating  test  reed,  possibly  upon  the  resonant  frequency 

of  the  test  beam,  and  depended  slightly  upon  the  strain  history  of 
the  test  beam. 

Some  of  the  experimental  data  do  not  agree  with  theories 
of  the  mechanisms  of  generation  of  internal  friction.  Although 
equipment  artifacts  cannot  be  ruled  out,  it  seems  unlikely  that 

extraneous  equipment  responses  were  responsible  for  the  unexpected 
data. 

There  is  a possibility  that  the  apparent  temperature  hys- 
teresis of  the  specimen  loss  factor  described  in  this  report  was 
due  to  slight  errors  in  the  measurements  of  the  temperature  of  the 
test  beam.  In  addition,  it  is  possible  that  the  temperature  of 
the  test  beam  was  not  uniform  during  the  tests.  The  beam  and  test 
chamber  should  be  provided  with  a number  of  thermocouples  in  order 
to  precisely  define  the  thermal  conditions  of  the  test  beam. 

The  question  of  the  origin  of  those  particular  data  which 
do  not  conform  to  theory  should  be  resolved.  If  the  appropriate 
stress  range  can  be  covered  for  several  samples  of  different  dimen- 
sions but  identical  material,  then  there  would  be  more  basis  for 

deciding  whether  to  look  for  equipment  artifacts  or  to  revise  the 
theories . 

It  is  possible  that  the  loss  factor  of  the  test  sample  at 
a given  temperature  and  a given  level  of  stress  or  strain  is  a func- 
tion of  the  resonant  frequency  of  the  beam  (21_)  . In  addition,  tem- 
peratures and/or  stress  hysteresis  might  be  more  pronounced  at  fre- 
quencies and  stresses  other  than  those  for  which  the  reported  mea- 
surements were  gathered.  If  several  samples  of  different  lengths 
and  thickness  can  be  prepared  from  a single  batch  of  Ni-Ti  alloy, 


-109- 


then  curves  of  loss  factor  versus  increasing  and  decreasing  temper- 
ature can  be  prepared  for  several  combinations  of  frequency  and 
stress  level.  Moreover,  since  the  loss  factor  of  the  test  specimen 
depends  not  only  on  the  temperature  sequence  leading  up  to  a given 
test  temperature,  but  upon  the  length  of  time  that  the  sample  is 
maintained  at  a given  test  temperature  as  well,  it  would  be  instruc- 
tive to  investigate  the  temperature  dependence  of  the  loss  factor 
for  different  rates  of  increasing  and  decreasing  the  temperature. 
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VI.  SUMMARY 


The  results  obtained  during  the  initial  phase  of  this 
study  indicate  that  structural  changes  which  occur  during  phase 
transformations  (particularly  those  of  a thermoelastic  nature)  can 
offer  a significant  means  for  absorbing  acoustical  energy.  In  par- 
ticular the  complete  set  of  resistivity,  modulus,  heat  capacity 
and  damping  measurements  performed  on  the  55  w/o  Ni-45  w/o  Ti  al- 
loy shows  that  over  a useful  temperature  range  between  12°C  and 
3_°l  high  yield  strength  and  high  damping  can  be  combined.  More- 
over, present  results  indicate  that  plastic  deformation  can  be  em- 
ployed to  expand  the  temperature  range  over  which  the  attractive 
properties  can  be  combined  and  to  increase  the  strength  levels. 

Although  the  above  mentioned  desirable  characteristics 
appear  attainable,  the  mechanistic  origin  of  the  damping  remains  a 
m> story.  The  present  results  show  that  damping  increases  above 
the  Ms  temperature.  Although  twin  formation  readily  occurs  below 
Ms,  n0  discernable  structural  changes  occur  above  Ms . Hence  the 
only  postulated  source  for  enhanced  damping  at  temperatures  above 
Ms  is  some  precursor  mechanism  like  soft  mode  formation.  Iixtcr- 
nally  applied  tensile  stresses  characteristic  of  those  employed  in 
the  damping  measurement s (up  to  5500  psi)  were  found  to  have  a 
negligible  effect  on  Ms. 

Preliminary  studies  of  i ron- plat inum,  copper- aluminum- 
nickel,  coba 1 t - n icke 1 , and  cobalt-iron  alloys  suggest  that  other 
examples  of  high  strength-high  damping  materials  based  on  struc- 
tural transformations  may  be  developed.  In  particular,  a range  of 
cobalt-iron  alloys  has  been  identified  which  exhibits  loss  factors 
that  are  five  to  fifty  times  higher  than  commercially  available 
materials.  Although  the  strength  of  this  alloy  is  currently  low, 
mechanisms  exist  for  increasing  the  strength.  These  methods  are 
currently  under  investigation. 
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